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ABSTRACT 
On a global scale, the sporting activity of distance running has increased in popularity.  This is likely 
attributable to a growing societal concern for the documented rise in several lifestyle-related chronic 
diseases.  As a form of exercise, running provides significant beneficial effects on a range of biomedical 
health indices, and is the preferred physical activity of choice for many people given its high accessibility 
and relatively low financial cost.  Notwithstanding the many health-related benefits associated with 
running, the risk of sustaining a distance running-related injury (RRI) can be high.  Therefore, from an 
injury prevention perspective, understanding why runners sustain RRI is of primary scientific importance. 
Over the last fifty years, the science behind RRI causation and prevention has attracted considerable 
interest amongst sports injury prevention researchers.  During that time, there has been a concerted 
scholarly effort to understand the aetiology of RRI from an epidemiological and clinical research-based 
standpoint.  Traditional scientific approaches have attempted to identify the effect of discrete training-
related, behavioural, and/or biomechanical exposures on the risk of developing either general or specific 
RRI.  Despite what is now a considerable body of work, several descriptive and systematic reviews have 
found a history of previous injury to be the only definitive risk factor for subsequent RRI development. 
Alongside the continuing application of traditional scientific approaches, this PhD thesis promotes the use 
of a complementary ‘systems thinking’ theoretical perspective for better understanding the development 
and prevention of RRI.  There are several contained chapters, the first of which is a systematic review of 
the RRI aetiological literature.  After examining in closer detail the causal mechanism underpinning RRI 
development, a series of papers urge injury prevention scientists to consider drawing on alternative 
philosophical perspectives when planning and designing research.  In building on the preceding 
arguments, the final chapters involve the construction of a systems ergonomics control structure model of 
the Australian distance running system, including the way RRI is managed and controlled. 
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PREFACE 
From August to November 2013, I was in Kenya, residing on the edge of the spectacular Rift Valley in a 
small hillside town called Iten.  Colloquially known as the ‘Home of Champions’, the purpose of visiting 
Iten, aside from improving my own endurance running ability, was to witness firsthand why the East 
Africans were the best distance runners in the world. 
On most mornings, I joined one of the many groups of elite runners who would average a pace nothing 
less than 3:30min/km (17kph) during their 12-16km sessions.  When not on dirt roads or forest trails, 
workouts at Kamariny Stadium, the famous high altitude running track, would often see speeds surpass 
the 2:55min/km mark (20kph).  It was obvious that the Kenyan runners were a special form of athlete. 
Despite training and racing so incredibly hard, nearly all aspiring Kenyan runners frequently struggled to 
afford food and source adequate nourishment to sustain repeated heavy workloads.  In fact, the 
overwhelming majority of the athletes genuinely believed that running was their saviour, a way to escape 
poverty, and such persistence would eventually reward them and their families with a better life. 
Unfortunately, no matter where we live, or how accomplished an athlete might be, sports-related 
musculoskeletal injuries do not discriminate.  Indeed, to see some of the world’s best runners in 
considerable physical and psychological pain due to injury, and knowing that these problems hindered or 
perhaps even fully prevented many from escaping third world conditions, was a distressing realisation. 
Towards the end of my trip, a serendipitous encounter with a visiting sports injury epidemiologist led to 
an opportunity.  That opportunity involved an invitation to study for a PhD in distance running-related 
injury prevention.  Not only was this an exciting proposition, but accepting the offer was the very least I 
could do.  Running has taken me all over the world, and helped me through some very challenging times. 
I am truly grateful to have entered this journey, and strongly maintain that the ideas and concepts as 
presented in this PhD project will be taken forward and further developed.
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1.0 INTRODUCTION 
1.1 THE ORIGIN AND VALUE OF MODERN DISTANCE RUNNING 
Some four to six million years ago, our prehistoric ancestors started to gradually descend from the upper 
canopy of the trees and forests to instead traverse the earthbound savannas and open planes (1).  The need 
to hunt and scavenge for larger animals and richer sources of protein and fat was an essential step for the 
development of both mind and body.  In order for this transition to occur, however, the early humanoid 
had to adapt to its new environment by shifting from a quadrupedal arrangement to an upright form of 
movement (2).  Bipedal locomotion was a natural genomic progression, particularly given that it 
improved vision, enhanced thermoregulation, and freed the hands for carrying the essentials of life (3).  
Notwithstanding such physical changes for the better, many other mammals and primates had been 
accustomed to a model of terrestrial habitation for some time prior, and were nimble, strong, and fast.  
Therefore, to chase down prey to exhaustion and feed, it was necessary for the Homo genus to evolve and 
propagate. 
A cursory glance at our anatomical makeup points to the fact that humans are designed, and uniquely 
capable of, travelling long distances by foot in even the most extreme of high temperatures (4).  It is no 
coincidence that certain features, such as the Achilles tendon, large knee joint, and abundance of sweat 
glands, are shared traits exclusive to the contemporary Homo species.  In building on this natural biologic 
foundation for physical endurance, there have been many instances throughout history that have 
showcased man’s ability to display superior cardiopulmonary fitness.  Examples include the Irish 
Tailteann Games, which involved a range of physically challenging athletic and running events dating 
back 1600 BC (5).  Most impressive still are the vast distances covered by the Tarahumara Indians, who 
can exceed hundreds of kilometres in a single effort whilst wearing only improvised rawhide sandals (6).  
An account most noteworthy to any discussion relating to the origins of modern distance running pertains 
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to the first Persian invasion of Greece occurring around 490 BC.  Legend states that during the Battle of 
Marathon, the messenger Pheidippides collapsed due to extreme fatigue after travelling 26.2 miles by foot 
to Athens to deliver news warning about the imminent approach of hostile Persian ships (7).  The efforts 
and ability of Pheidippides to exceed the limits of normal human endurance was a major contributor to 
the Athenian victory.  Despite the dubious historicity associated with that account, it nevertheless inspired 
the first official marathon race held at the 1896 Greek Olympics (8). 
Whether for historical, religious, personal, and/or competitive reasons, running continues to increase in 
popularity in many worldwide locations (9).  The special magnetism of running, including a perpetual 
desire to run for recreation and enjoyment, is further demonstrated by record numbers of entrants 
partaking in renowned international running-related festivals and charity-based events (10).  Indeed, 
running does not discriminate between gender, culture, ethnicity or social status, and thus its pervasive 
growth is individually dictated and explained through different underlying motivations (11).  Many 
people run to feel connected to nature and the outdoors, as well as to retain a feeling of physicality and 
strength (12).  Conversely, under very different lifestyle circumstances, other social groups could choose 
to run due to practical, geographical, and/or financial reasons (13).  For a large majority of individuals, 
running may have been suggested or indicated as a proven means to reverse a self-limiting physical or 
psychological health-related condition (14, 15).  In fact, as a way of coping with stress, anxiety, and 
depression, as well as rehabilitating compulsive and addictive behaviours, a running program has the 
potential to improve one’s complete well-being and outlook on life (16, 17). 
Closer to home, in Australia, the most recent data indicate that 11 million (60%) persons aged ≥15 years 
participated in sport and physical recreation at least once during the 2011-12 period (18).  Within this 
active cohort, approximately 1.4 million persons selected jogging and running as a form of recreational 
exercise.  In terms of changing trends in participation over time, the number of Australians who run has 
nearly doubled over the last decade, from an estimated 4% back in 2005-06, to 7.4% as observed more 
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recently (18, 19).  To put that latter figure into context, amongst 55 sporting activities, jogging and 
running was the third most popular physical pastime after commercial gymnasium attendance (17.4%) 
and walking (19.2%) (18).  These data are not only promising from a population-level health perspective, 
but they also suggest that Australians are taking full advantage of the highly accessible nature of running, 
as well as the plethora of health-related benefits that it provides.  It is therefore reasonable to contend that 
there are very few reasons not to run, especially for individuals who are otherwise healthy and able to do 
so.  Unfortunately, the prevalence of distance running-related injury (RRI) can be high, primarily owing 
to an imbalance between the application of load on the body, and tissue repair during periods of unloading 
and recovery (20).  In fact, over a lifetime recall period, the pain-related RRI incidence proportion for 
competitive runners has been found to reach 94.4% (21).  Likewise, depending on the ability and 
experience level of the athlete, the RRI incident rate reportedly ranges from 2.5 to 33.0 injuries per 1000h 
of running (22). 
In summary, the reasons explaining why humans have a long history of running have changed over time, 
paralleling the evolution of the Homo species through the ages.  Primarily once used as a form of 
persistence hunting, a tradition that still endures amongst certain cultures and native tribes, distance 
running is now generally aimed at improving individual fitness and well-being.  Considering the many 
health-related benefits associated with running, and given that RRI can potentially represent a major 
barrier to an active lifestyle, there is a continual need for high-quality epidemiological, clinical, and 
public health research to better understand its cause(s). 
1.2 BACKGROUND TO RUNNING INJURY PREVENTION RESEARCH 
Over the last 50 years, the scientific literature underpinning the aetiology and prevention of RRI has 
grown considerably in both its size and scale.  Much research in the 1970s and early 1980s was conducted 
by clinicians and general medical practitioners who appealed to informed deduction when attempting to 
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establish a given mechanism of RRI causation.  At that time, the location of the most common 
musculoskeletal pathologies, as well as their associated frequencies and physical impairments, were often 
reported in descriptive case studies and cross-sectional study designs (23-29).  Those initial investigations 
were the only formal basis for informing the use of therapeutic and RRI prevention interventions (30-35). 
Since the late 1980s, the increasing popularity of distance running provided research teams with an 
opportunity to recruit larger population samples of runners from the entry lists associated with major 
annual events on the sporting calendar (36-39).  The growing mass participation that characterised the 
‘running boom’ in the 1980s and 1990s, effectively heralded the start of more rigorous forms of scientific 
inquiry.  Accordingly, research efforts intensified in relation to the specific topics explored and 
hypotheses investigated, including the incorporation of runners’ psychology (e.g. personality and 
behavioural typing), intrinsic biomedical factors (e.g. bone mineral density and composition) (40-44), as 
well as the analyses of routinely collected training-related (e.g. running distance, frequency, duration, and 
intensity) and biomechanical exposures (e.g. kinetics, kinematic, and isokinetic variables) (45-53).  The 
once descriptive accounts of injury patterns and severity were met with the progression of sophisticated 
causal analyses that sought to identify statistically significant associations between an expanding range of 
factors and RRI development (54-60). 
Nowadays, the topic of RRI causation and prevention continues to attract a great deal of interest on behalf 
of the international community of sports injury prevention researchers and scientists.  Despite much 
scholarly work, the main problem associated with existing research is that little progress has been made in 
terms of identifying risk factors and establishing causal mechanisms (61-63).  Unless such causal 
information is available, RRI prevention strategies and interventions cannot be developed nor 
implemented at the community and population-level (64, 65).  In that regard, there are a few different 
reasons that help to explain why the aetiology and prevention of RRI has been so elusive in nature. 
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1.3 THE ELUSIVE NATURE OF RUNNING INJURY CAUSALITY 
The first reason underlying the current uncertainty about RRI causation relates to methodological and 
analytical differences across studies that share a similar scope and purpose.  Examples include the use of 
different RRI definitions, population samples, lengths of follow-up, study designs, and statistical 
approaches.  Recognised as heterogeneity in the literature (66), those across study discrepancies have 
continued to pose a challenge to the planning and design of evidence syntheses, which generally aim to 
pool data and form a common effect size to draw fair and objective conclusions about causal associations 
(67).  In response to that problem, a consensus-derived standardised definition of RRI has been 
established by an expert working group (68, 69).  Likewise, informal discussions amongst RRI prevention 
researchers are currently focussed on the development of training-related and/or experienced-based 
criteria that will assist with the categorisation of population samples. 
The second reason contributing to the difficulty in elucidating RRI aetiology pertains to the theoretical 
basis of causality, and how it informs research practice.  Briefly summarised, the framing of research 
questions and hypotheses in traditional epidemiological and clinical research-based applications has not 
necessarily been optimal in terms of affording detailed knowledge about the nature of RRI causal 
mechanisms.  Indeed, a priori assumptions about how a given RRI develops, as well as the way research 
is designed and conducted more generally, has largely dictated the way statistical analyses have been 
applied for exposing cause-effect associations.  Given the detail and time required to fully explore this 
issue further, the specific complexities of RRI causation, including the limitations associated with 
previous research, will be discussed more completely across select chapters contained in this thesis. 
Above and beyond study heterogeneity and the finer complexities of RRI causality, there is another 
reason that, unless addressed, will further compound our ability to comprehensively understand RRI 
causation, and effectively intervene and lower its risk at the population-level.  Ever since the inception of 
the first RRI causal studies, there has been a preoccupation with wanting to sharpen the estimation of 
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direct biologic causal effects, and to conduct more rigorous aetiologic research at the intrapersonal level 
of the runner themselves (70, 71).  That is not to say traditional epidemiological and clinical research-
based applications have been futile in the pursuit of more elegant and nuanced causal explanations.  In 
fact, training-related, behavioural, and/or biomechanical studies, especially if augmented with further 
methodological and analytical refinement, will help to inform the design of targeted RRI prevention 
interventions.  Despite the utility of those reductionist approaches, their purpose is not to understand the 
inherent complexity and interactions behind a full range of factors underpinning the behaviour distance 
runners and athletes. 
Scholarly work in the RRI prevention research context needs to extend its focus beyond an examination 
of proximal risk factors (e.g. potential biologic and behavioural exposures), and direct some attention to 
the political, cultural, environmental, and social conditions that influence the nature of causal effects as 
observed at the individual-level of the runner.  To address that knowledge gap, the use of ecological and 
complex systems-based research approaches, which have gained traction in the wider fields of 
epidemiology and public health (72-76), should be utilised for better understanding the development and 
prevention of RRI.  It is worth noting that a ‘systems thinking’ perspective towards RRI aetiology and 
prevention does not necessarily represent the best solution for addressing the outstanding issue that is the 
ambiguity of causal effects as found at the intrapersonal level of RRI determination.  Resolution of that 
issue is principally the responsibility of epidemiologists, methodologists, and biostatisticians.  Rather, an 
ecological and complex systems-based research approach will assist with the design and implementation 
of sustainable sports safety promotion interventions that aim to protect athletes against RRI. 
In bringing Chapter One to a close, the following sections will specify the overall research aim and study 
questions, as well as provide a general overview of the upcoming chapters. 
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1.4 RESEARCH AIM AND STUDY QUESTIONS 
1.4.1 RESEARCH AIM 
The purpose of this PhD project is to present a new theoretical perspective and promote an alternative 
research direction to complement the application of traditional forms of scientific inquiry for better 
understanding the aetiology and prevention of RRI. 
1.4.2 STUDY QUESTIONS 
To achieve the above aim, the following study questions were addressed (applicable to Chapter Two 
through to Chapter Seven, inclusive): 
• What are the risk and protective factors for middle- and long-distance RRI? 
• What would a theoretical causal schematic visualising RRI aetiology at the level of the individual 
runner look like? 
• How has an objectivist epistemological perspective affected knowledge generation about RRI 
causality and its prevention? 
• How can a ‘systems thinking’ perspective contribute to an enhanced understanding about the 
development and prevention of RRI? 
• What levels, components, and relationships should be included in a ‘complex systems model’ of 
the Australian distance running system? 
• How valid is the ‘complex systems model’ of the Australian distance running system? 
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1.5 OVERVIEW OF THESIS CHAPTERS 
This PhD research is presented as a thesis by publication.  There are eight chapters, including five 
published papers and one paper submitted for consideration of publication.  The chapters have been 
organised to ensure that the structure of the thesis represents a standalone body of work. 
Chapter Two presents a systematic review of the RRI prevention research literature.  The aim of that 
work is to compile the evidence about modifiable and non-modifiable, training-related and behavioural 
risk and protective factors for RRI, as well as to assess the methodological quality associated with 
independent studies.  Because Chapter Two includes a considerable number of original scientific articles, 
it is possible to formulate balanced and objective conclusions about injury aetiology. 
Chapter Three presents a methods paper that draws upon the broader sports injury prevention research 
literature to inform the creation of a theoretical causal schematic depicting RRI development.  Its 
justification is attributable to the elusive nature of RRI causality and its prevention.  Chapter Three is 
reductionist in terms of how aetiological mechanisms are conceptualised, and explains that RRI develops 
due to a sudden change to the level of sports participation.  The relationship between running load, and 
the capacity of the athlete’s musculoskeletal system to tolerate that load, is further explored.  
Methodological and analytical research-based implications of the causal schematic are discussed. 
Chapter Four examines, through a philosophical lens, the epistemological basis underpinning RRI 
epidemiological and scientific research.  In considering the few definitive conclusions about injury 
aetiology as formulated in Chapter Two, and given the reductionist focus associated with Chapter Three, 
it is necessary to gain a broader perspective and appreciate the overarching theoretical motivation for 
wanting to further conduct traditional forms of scientific inquiry in this context.  Doing so permits 
justification for the use of alternative systems thinking research approaches. 
9 
 
Chapter Five introduces the concept of systems thinking as a viable theoretical perspective for better 
understanding the aetiology and prevention of both sports injury and RRI more specifically.  Sports injury 
prevention research is, relatively speaking, still in its infancy, and much work has been conducted by 
medical doctors and clinicians who have favoured the quantitative sciences.  Despite the advantages 
associated with the use of traditional scientific approaches for exposing the aetiology of RRI, Chapter 
Five emphasises why a systems thinking paradigm should be considered.  Alternative methodologies are 
highlighted, ranging from those as found in the computational systems-based sciences, to others native to 
the field of human factors and ergonomics. 
Chapter Six adapts an existing human factors and ergonomics research approach known as the Systems 
Theoretic Accident Mapping and Processes (STAMP) method to the Australian distance running context.  
A large part of the STAMP method more generally, involves the creation of an abstraction hierarchy (i.e. 
'complex systems model’) that visualises different organisational levels associated with a well-defined 
sociotechnical system.  Complex sociotechnical systems are ubiquitous within broad society, including 
but not limited to, the engineering, transport, industrial, workplace, and healthcare system contexts.  
Therefore, the creation of a prototype STAMP model shows that the aetiology and prevention of RRI can 
also be viewed through a systemic lens that includes a range of indirect influences and ecological 
determinants.  Chapter Six also discusses the strengths and limitations associated with the application of 
the epidemiological counterfactual definition of causation as applied to RRI prevention research. 
Chapter Seven solicits the expertise of both distance running and systems thinking experts to validate the 
prototype STAMP model of the Australian distance running system.  Reaching agreement and 
establishing consensus about the model’s validity helps to ensure that it is complete and accurate to 
facilitate future RRI prevention efforts.  When compared to its prototype form as generated in Chapter 
Six, the validated STAMP model had changed considerably, taking inspiration from both the causal 
schematic associated with Chapter Three, and the feedback from the experts involved in the Delphi. 
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Chapter Eight is a discussion which covers two main topics associated with this thesis: (i) the theoretical 
basis of RRI causality; and, (ii) the future of systems thinking in sports injury research.  Directions and 
recommendations for future research are provided, and a general conclusion summarises the main take 
home messages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
11 
 
1.6 THESIS STRUCTURE 
Table 1: An outline of the thesis structure by chapter, title, and aims 
Chapter Title Aims 
1 Introduction 
 
• Introduce the sporting activity of distance running, and describe 
the research context and current state of scientific knowledge  
• Briefly summarise why the aetiology of RRI requires further 
investigation 
• Define the overall research aim and study questions 
• Summarise the main details associated with each chapter in this 
thesis, and present their aims 
2 Risk and protective factors for middle- and long-
distance running-related injury: A systematic review 
(published in Sports Medicine) 
• Compile evidence about risk and protective factors for RRI 
• Evaluate the methodological quality of independent studies 
• Draw appropriate conclusions about RRI aetiology 
12 
 
3 A framework for the etiology of running-related injuries 
(published [online first] in the Scandinavian Journal of 
Medicine and Science in Sports) 
• Develop a theoretical causal schematic of RRI development at the 
individual component-cause level 
• Based on the causal schematic, provide recommendations to the 
benefit of future epidemiological and scientific studies 
4 The epistemic basis of distance running injury research: 
A historical perspective (published in the Journal of 
Sport and Health Science) 
• Examine the philosophical and epistemological basis underpinning 
RRI epidemiological and clinical research 
• Recommend that alternative theoretical and methodological 
research directions are required 
5 From monocausality to systems thinking: A 
complementary and alternative conceptual approach to 
better understand the development and prevention of 
sports injury (published in Injury Epidemiology) 
• Outline how theories of disease and injury causation have 
developed over time 
• Explain systems thinking theory and principles 
• Promote the use of systems-based methods as viable options for 
controlling sports injury through using RRI as an example 
 
13 
 
6 Closing Pandora’s Box: Adapting a systems ergonomics 
methodology for better understanding the ecological 
complexity underpinning the development and 
prevention of running-related injury (published [online 
first] in Theoretical Issues in Ergonomics Science) 
• Describe the strengths and limitations associated with traditional 
epidemiological and clinical research-based applications in the 
context of RRI causation 
• Create a prototype Australian distance running ergonomics 
systems model based on the STAMP method 
7 From control to causation: A complex STAMP analysis 
of the Australian distance running system (accepted for 
publication in Applied Ergonomics) 
• Validate the Australian prototype distance running systems model 
using a Delphi technique 
8 Discussion • Discuss the research, including the most important findings 
• Discuss recommendations for future research 
• Discuss the strengths and limitations of the research 
• Summarise the key messages in a conclusion 
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2.0 A SYSTEMATIC REVIEW OF THE RUNNING INJURY CAUSAL LITERATURE 
Hulme, A, Nielsen, R.O, Finch, C.F. Timpka, T, Verhagen, E.A, Finch, C.F. 2017. Risk and protective 
factors for middle- and long-distance running-related injury: A systematic review. Sports Medicine; 
47(5): 869-886. doi: 10.1007/s402790-016-0636-4 
2.1 STUDY QUESTION 
What are the risk and protective factors for middle- and long-distance running-related injury? 
2.2 STUDY AIMS 
• Compile evidence about risk and protective factors for RRI 
• Evaluate the methodological quality of independent studies 
• Draw appropriate conclusions about RRI aetiology 
2.3 OVERVIEW 
Having recognised that RRI characterises a major barrier to an active lifestyle, the next step is to attempt 
to understand why such injuries are occurring.  As stated in Chapter One, little progress has been made in 
terms of identifying RRI risk factors and establishing causal mechanisms.  In the absence of such 
information, it is not possible to instigate the process of RRI prevention. 
In the RRI prevention research context, a wide range of scientific approaches have been taken to answer 
questions about the aetiology of specific musculoskeletal disorders and general bodily injury.  Those 
approaches have mainly comprised biomechanical and clinical studies, as well as epidemiological and 
behavioural investigations.  The considerable size and scale of scientific inquiry underpinning RRI 
aetiologic research has, at the time of writing Chapter Two, resulted in the production of a large volume 
of information.  Therefore, critically evaluating the methodological quality of eligible studies, and 
15 
 
summarising the evidence to form appropriate conclusions about RRI aetiology, necessitates an ambitious 
and comprehensive overview of the published causal literature. 
Chapter Two presents a systematic review which compiles the evidence about modifiable and non-
modifiable, training-related and behavioural risk and protective factors for RRI.  This was accepted for 
publication in the international peer-review literature by Sports Medicine on 29 September 2016, and was 
published (online first) on 27 October 2016.  Supplementary files that are associated with the published 
paper can be viewed in Appendix 1. 
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Risk and Protective Factors for Middle- and Long-Distance
Running-Related Injury
Adam Hulme1 • Rasmus Oestergaard Nielsen2 • Toomas Timpka3 •
Evert Verhagen1,4 • Caroline Finch1
 Springer International Publishing Switzerland 2016
Abstract
Background Despite a rapidly growing body of research, a
systematic evidence compilation of the risk and protective
factors for middle- and long-distance running-related
injury (RRI) was lacking.
Objectives Our objective was to compile the evidence
about modifiable and non-modifiable training-related and
behavioral risk and protective factors for middle- and long-
distance RRI.
Methods We searched five databases (PubMed, CINAHL,
MEDLINE, SPORTDiscus, and PsycINFO) for the dates 1
January 1970 to 31 December 2015, inclusive, for original
peer-reviewed articles. The eligible designs were cross-
sectional, case–control, longitudinal observational studies,
and randomized controlled trials involving runners com-
peting at distances from C800 m to B42.2 km. Outcomes
were any specific and/or general RRI, and exposures
included training-related and behavioral factors. We
extracted authors and date, study design, injury type(s),
descriptors and comparators for each exposure, and results
and measures of association from the selected studies.
Methodological quality was independently appraised using
two separate checklists: a modified checklist for observa-
tional study designs and the Physiotherapy Evidence
Database (PEDro) scale for randomized controlled trials.
Results Among 73 articles eligible for inclusion, 19
(26.0%) and 30 (41.0%) were of high or satisfactory
methodological quality, respectively. As a non-modifiable
exposure, a history of previous injury was found to be
associated with an increased risk of both general and
specific RRI. In terms of modifiable exposures, irregular
and/or absent menstruation was found to be associated with
an increased risk of stress fracture development, whereas
the use of oral contraceptives was found to be associated
with a decreased risk. High clinical, methodological, and
statistical heterogeneity meant it was not feasible to esti-
mate a pooled effect size across similar studies.
Conclusions A history of previous injury was associated
with an increased risk of both general and specific RRI.
The use of oral contraceptives was found to be associated
with a decreased risk of skeletal stress fracture. Con-
versely, irregular and/or absent menstruation was associ-
ated with an increased risk. The varied effect directions
and/or a number of statistically insignificant results
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associated with the majority of factors hindered our ability
to draw any definitive conclusions about their relationship
to RRI risk.
Key Points
The identification of modifiable and non-modifiable
risk and protective factors for distance running-
related injury is a necessary step for a better
understanding of how to design and deliver injury-
prevention interventions.
A history of previous injury is a strong non-
modifiable risk factor for distance running-related
injury. Future studies are required to better
understand why and how previous injury contributes
to the development of subsequent injury.
The use of oral contraceptives is a modifiable
protective factor for stress fracture development in
female runners. Irregular or absent menstruation
increased the risk of the same injury. More studies
are required to investigate how key exposures
associated with the female athlete triad interact and
affect the risk of distance running-related injury.
Varied effect directions and a number of statistically
insignificant results associated with the majority of
factors hindered our ability to draw any definitive
conclusions about their relationship to running-
related injury risk.
1 Introduction
Distance running is an ideal form of exercise for many
able-bodied individuals in a variety of locations. Indeed,
the physiological and psychological benefits associated
with running are well accepted [1]. Unfortunately, the
positives of this activity are offset by the risk of sustaining
a running-related injury (RRI). Depending on the popula-
tion sample and length of follow-up, the RRI incidence rate
reportedly ranges from 2.5 to 33.0 injuries per 1000 h of
running [2]. Over a lifetime recall period, the pain-related
injury incidence proportion for cross-country runners has
recently been found to reach 94.4% [3].
The increasing popularity of running, combined with
reports of a high risk of sustaining an RRI, has inspired
many scientific investigations over the last 45 years. Sev-
eral descriptive [4–10] and systematic [1, 11–17] reviews
have attempted to summarize the available evidence on
factors associated with RRI. The first major systematic
review included 17 studies [11]. Unlike subsequent papers
[13, 15, 16], that review did not adapt its methodological
quality checklist to the target context. A later review that
included 31 articles did not include middle-distance run-
ning samples and only commented on a limited number of
training-related and behavioral risk factors [13]. More
recently, Saragiotto et al. [15] identified 60 different pre-
dictive factors for RRI across 11 articles but did not include
studies that had investigated specific musculoskeletal
pathologies. The most recent systematic reviews have been
very focused, addressing the influence of sex [16] and
vertical ground reaction forces on RRI risk [17].
In light of existing research investigating RRI etiol-
ogy, a review was needed that did not exclude particular
study designs or injuries. Even though certain epidemi-
ological study designs are temporally ambiguous
regarding causality, their inclusion is now required to
consider the whole body of evidence in the area so novel
theories and hypotheses can be generated. An appropri-
ate starting point for such an effort is to compile the
evidence on the effect of training-related and behavioral
factors on RRI risk. This would mean excluding kinetic,
kinematic, and isokinetic factors, each of which instead
necessitate their own systematic reviews with a specific
and well-defined research question, for example, Zad-
poor and Nikooyan [12] and van der Worp et al. [17].
With biomechanical factors excepted, it is possible to
categorize training-related and behavioral factors
according to whether or not they are amenable to mod-
ification. Such a delineation has important theoretical
and practical implications for the type of population-
based RRI-prevention program or strategy that is to be
implemented or used [18]. Therefore, the purpose of this
systematic review was to compile the evidence about
modifiable and non-modifiable training-related and
behavioral risk and protective factors.
2 Methods
2.1 Electronic Search
The first author (AH) searched five databases (PubMed,
CINAHL, MEDLINE, SPORTDiscus, and PsycINFO) for
the dates 1 January 1970 to 31 December 2013, inclusive.
Updated searches across all databases were later conducted
to retrieve further potential articles published between 1
January 2014 and 31 December 2015. Citation software
(EndNote for Windows 6.0.1) and advice from a university
librarian facilitated the searching process. Table S1 in the
Electronic Supplementary Material (ESM) provides the
database search strategies, including keywords and medical
subject heading (MeSH) terms.
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2.2 Eligibility Criteria
Eligible running distances studied ranged from C800 m
to B42.2 km in accordance with the International Associ-
ation of Athletics Federation (IAAF) definitions of middle-
and long-distance running [19]. These events distinguish
middle- and long-distance running from other similar ath-
letic disciplines, including both sprinting and extreme
endurance running (i.e., ultra-marathons).
2.2.1 Inclusion and Exclusion Criteria
To be eligible for inclusion, the studies had to comply with
the following criteria: (1) study designs were cross-sec-
tional, case–control, or longitudinal (i.e., both retrospective
and prospective cohort studies), and randomized controlled
trials (RCTs); (2) the study sample represented middle- and
long-distance runners as per the IAAF definition (Sect.
2.2); (3) exposures included training-related and/or
behavioral factors; (4) the outcome was any specific and/or
general RRI; (5) inferential statistical analyses with mea-
sures of association between exposures and RRI were
reported (e.g., crude and/or adjusted analyses including,
but not limited to, mean/median statistical difference, odds
ratio [OR], relative risk [RR], cumulative risk difference
[cRD], hazard ratio [HR] with 95% confidence intervals);
and (6) original peer-reviewed academic journal articles
published in English.
After executing a primary search and implementing the
above eligibility criteria, one author (AH) inspected the
titles and abstracts of all retrieved articles. For the
remaining eligible articles, the bibliography within each
article was manually hand searched to identify potential
new articles that were missed via the primary search
strategy. Two authors (AH and RN) independently evalu-
ated the suitability of each article in accordance with the
above criteria. Disagreements were resolved via a con-
sensus meeting.
2.3 Data Extraction and Evidence Interpretation
The following information and data were extracted from
eligible studies: (1) authors and date, (2) study design,
(3) injury type, (4) descriptors and comparators for each
exposure, and (5) results and measures of association.
All data were extracted by one author and re-examined
by all authors, each of whom were allocated a unique
role to ensure data accuracy. Regarding the interpretation
of both statistically significant and non-significant data,
we assessed the strength of epidemiological association
risk ratios according to the criteria in Table 1 [20]
(applied only to relative and not absolute measures of
association).
2.4 Quality Assessment
Two checklists were used to assess the methodological
quality of included articles: (1) a modified version of an
existing methodological quality assessment checklist for
observational study designs [13] and (2) the Physiother-
apy Evidence Database (PEDro) scale for RCTs [21].
The former checklist includes 12 items across four cat-
egories: (1) study objective, (2) study population, (3)
outcome measurements, and (4) data presentation and
analyses. There were 10, 11, and 12 items according to
whether the study design was case–control, cross-sec-
tional, or cohort, respectively (ESM Table S2). We
expanded the PEDro scale by adding a single item con-
cerned with RRI definitions (ESM Table S3). We con-
sidered a score of C50.0% as an indication of satisfactory
methodological quality, whereas a score of C75.0% was
deemed high quality [3, 22]. Two authors (AH and EV)
independently assessed the quality of each article and
awarded each item a positive (?) or negative (-) score.
In cases of disagreement, a consensus meeting resolved
any discrepancies.
3 Results
3.1 Full-Text Selection
After searching five databases, a total of 3572 articles
were identified. After removing 561 duplicates and
examining 3011 titles and abstracts, 97 potentially rele-
vant full-text articles were retained. A manual search of
the 97 reference lists produced a further 48 articles, which
were added to the search process. Close inspection of 145
full texts excluded another 79 articles. The literature
search resulted in a total of 73 articles for evidence
compilation (Fig. 1).
3.2 Study Characteristics
The study designs included RCTs (n = 8), prospective
cohorts (n = 26), retrospective cohorts (n = 3), case–
control studies (n = 3), cross-sectional two group com-
parisons (n = 27), and cross-sectional three-group com-
parisons (n = 6). In terms of publication distribution over
time, no eligible articles were published between 1970 and
1979, but 25 were published during 1980–2000, inclusive.
In the most recent 15 years, 48 articles were published.
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3.3 Quality Assessment
Across the 73 included studies, the level of inter-rater
agreement of quality assessment was high, kappa statistic
(k) = 0.92 (Tables 2 and 3). The respective mean and
median quality score (range) for each study design was as
follows: RCT 63.5 and 66.6% (41.6–91.6); prospective
cohort 73.3 and 75.0% (33.3–91.6); retrospective cohort
58.3 and 50.0% (41.6–83.3); case–control 40.0 and 40.0%
(30.0–50.0); cross-sectional two-group comparison 52.8
Table 1 Criteria for assessing the strength of epidemiological associations Adapted from Craun and Calderon [20], with permission
Risk ratio (increased risk) Risk ratio (decreased risk) Strength of association
1.0 1.0 Reference
1.01–1.20 0.80–0.99 Weak
1.21–1.50 0.50–0.79 Moderate
[1.51 \0.49 Strong
3,572 articles identified by literature search
• 2,784 PubMed
• 166 CINAHL
• 311 MEDLINE 
• 287 SPORTDiscus
• 24 PsycINFO
561 duplicate articles excluded
3,011 articles eligible 
2,914 articles excluded after title and 
abstract screen
97 articles eligible 
79 articles excluded
• 25 inappropriate sample
• 23 applied clinical biomechanics
• 4 unable to identify sample
• 13 analyses not appropriate or absent
• 13 case series
• 1 case study (n=1)
Manual search of 97 bibliographies produced a further 160 
potential articles
145 eligible articles
66 full-text articles included 
Out of 160 potential articles, 48 were considered relevant
7 articles found with an updated literature search
73 articles included in review
Fig. 1 Visualization of the
systematic searching process
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and 54.5% (18.1–81.8); and cross-sectional three-group
comparison 49.9 and 54.5% (27.2–63.6). Overall, 19
(26.0%) and 30 (41.0%) studies were of high (C75.0%) and
satisfactory (C50.0%) methodological quality, respectively
(Table 2).
For RCTs, items five, six, and seven generally received
the lowest scores and represent whether participants,
therapists, and/or assessors were blind to intervention
allocation (Table 3). For the prospective cohort study
designs, a lower overall score was found for item eight, in
that the follow-up period was\12 months (Table 2).
Overall, case–control study designs did not meet a satis-
factory level of quality because of low scores for items nine
and ten, indicating that neither the recall period nor a clear
definition of injury was provided. The unanimously low
score for item 11 indicates that therapists and statistical
analysts were aware of the injury status or variable coding
when performing physical examinations or working with
data, respectively.
3.4 Modifiable Risk and Protective Factors
In the modifiable factor category, 12 sub-categories were
identified: distance; duration; frequency; pace and inter-
vals; weight; body mass index (BMI); diet and hormonal;
footwear, insoles, and orthotics; terrain and surface;
stretching, warm-up, and cool-down; psychological; and
other modifiable (i.e., factors that could not be appropri-
ately sub-categorised) (Table 4).
3.4.1 Distance
A total of 36 studies examined distance or factors associ-
ated with distance (ESM Table S4). The median method-
ological quality score for these studies was 63.6% (range
18.1–91.6), with two RCTs and nine prospective cohort
studies scoring C75.0%. Running distance data were han-
dled differently across studies: either dichotomized (e.g.,
high vs. low), categorized, or expressed as a discrete unit
change (i.e., increase or decrease in 1.0 or 10.0 km per
week). In total, 17 studies found a statistically significant
relationship between increasing and/or decreasing distance
and either general [22–24, 36, 65, 66, 69, 76, 79, 83, 86] or
specific RRI [43, 61, 72, 77, 81, 85].
The RCT by Theisen et al. [88] did not find a statisti-
cally significant association between a 1.0-km unit increase
per week and general RRI in their adjusted analyses.
Similarly, Kelsey et al. [25] analysed the effect of absolute
distance on stress fracture development in female runners
and found little evidence that a 10.0-km unit increase per
week significantly affected risk. The high-quality
prospective cohort studies by Macera et al. [23] and Walter
et al. [24] both provided strong evidence that a weekly
distance of C64 km increased the risk of RRI. The latter
study also found a 2.5-fold greater risk for males run-
ning[8 versus\8 km during their weekly long run.
Conversely, the high-quality prospective investigation by
Malisoux et al. [36] found weak evidence that a 1.0-km
unit increase in distance per session significantly decreased
the risk of RRI after covariate adjustment. Likewise, a
10.0-km unit decrease per week significantly increased the
risk of knee pain [43], and a weekly distance of\30 km
(reference 30–60 km) doubled the risk of general RRI [65].
The two studies that examined relative changes in distance
over time were clinically interesting given that both found
a greater risk of injury if the running distance increased
by[10 and[30% over a 13-week and 2-week period,
respectively [28, 90].
Despite four prospective cohort studies and ten cross-sec-
tional studies supporting that higher distances increased
general and specific RRI risk [22–24, 43, 61, 66, 69, 72, 76,
77, 79, 81, 83, 85], a number of high-quality longitudinal
investigations found that either there was no relationship or
that higher distances had a protective effect
[25, 28, 30, 32, 35, 43, 88, 90]. Accordingly, there is no
compelling evidence to support whether higher or lower
absolute running distances affect RRI risk.
3.4.2 Duration
Eight studies examined duration, which was expressed as
either a discrete unit increase (i.e., per session [1.0/
10.0 min] or per week [1.0 h]), cumulative hours per week
of running, or as a minute-per-session comparison
[22, 32, 35, 36, 49, 50, 52, 71, 88] (ESM Table S5). The
median methodological quality score for these studies was
75.0% (range 50.0–91.6), with five studies scoring C75.0%
[32, 35, 36, 49, 88]. Four studies found statistically sig-
nificant associations indicating that higher running dura-
tions increased the risk of RRI [35, 49, 50, 71].
The study by Hespanhol Junior et al. [35] found that
increasing the duration of running by 10 minutes per ses-
sion marginally increased the risk of general RRI. The
cross-sectional study by Chang et al. [71] provided mod-
erate evidence that 30–60 versus\30 min significantly
increased the risk of foot injuries and strong evidence
that[60 versus\30 min per session significantly
increased the risk of foot injuries. Conversely, the same
study found that a higher duration per session ([60 vs.\30
min) strongly decreased the risk of hip injuries [71]. In
contrast, a moderate decreased risk of patellofemoral pain
syndrome was found for females who ran a lower cumu-
lative weekly duration (5.0 [reference]\5.0 h) [50]. The
other prospective and retrospective cohort studies found
weak evidence that an increased running duration of
10.0 min per session and a higher number of weight-
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Table 2 Observational study quality scores ordered by decreasing rank
Study Design Methodological quality criteriaa
1 2 3 4 5 6 7 8 9 10 11 12 13 Score (%)
Macera et al. [23] PC ? ? ? ? ? ? ? ? NA ? - ? ? 11/12 (91.6)
Walter et al. [24] PC ? ? ? ? ? ? ? ? NA ? - ? ? 11/12 (91.6)
Kelsey et al. [25] PC ? ? ? ? ? ? ? ? NA ? - ? ? 11/12 (91.6)
Nielsen et al. [26] PC ? ? ? ? ? ? ? ? NA ? - ? ? 11/12 (91.6)
Nielsen et al. [27] PC ? ? ? ? ? ? ? ? NA ? - ? ? 11/12 (91.6)
Nielsen et al. [28] PC ? ? ? ? ? ? ? ? NA ? - ? ? 11/12 (91.6)
Wen et al. [29] PC ? ? ? ? ? ? ? - NA ? - ? ? 10/12 (83.3)
Van Middelkoop et al. [30] PC ? ? ? ? ? ? ? - NA ? - ? ? 10/12 (83.3)
Buist et al. [31] PC ? ? ? ? ? ? ? - NA ? - ? ? 10/12 (83.3)
Hirschmu¨ller et al. [32] PC ? - ? ? ? ? ? ? NA ? - ? ? 10/12 (83.3)
Bredeweg et al. [33] PC ? ? ? ? ? ? ? - NA ? - ? ? 10/12 (83.3)
Van Middelkoop et al. [34] PC ? ? ? ? ? - ? - NA ? - ? ? 9/12 (75.0)
Hespanhol Junior et al. [35] PC ? - ? ? ? ? ? - NA ? - ? ? 9/12 (75.0)
Malisoux et al. [36] PC ? ? ? ? ? - ? - NA ? - ? ? 9/12 (75.0)
Nielsen et al. [37] PC ? ? ? ? ? ? ? - NA - - ? ? 9/12 (75.0)
Kluitenberg et al. [38] PC ? - ? ? ? ? ? - NA ? - ? ? 9/12 (75.0)
Bennett et al. [39] PC ? ? - ? ? - ? - NA ? - ? ? 8/12 (66.6)
Fields et al. [40] PC ? - - ? ? ? ? ? NA ? - ? - 8/12 (66.6)
Buist et al. [41] PC ? ? ? ? ? - - - NA ? - ? ? 8/12 (66.6)
Taunton et al. [42] PC ? ? - - ? ? ? - NA ? - ? ? 8/12 (66.6)
Satterthwaite et al. [43] PC ? ? - ? ? ? - - NA - - ? ? 7/12 (58.3)
Reinking et al. [44] PC ? ? ? ? ? - ? - NA - - ? - 7/12 (58.3)
Thijs et al. [45] PC ? ? - ? - ? ? - NA ? - ? - 7/12 (58.3)
Van Ginckel et al. [46] PC ? - - ? ? - ? - NA ? - ? - 6/12 (50.0)
Ghani Zadeh Hesar et al. [47] PC ? - - ? - ? ? - NA - - ? - 5/12 (41.6)
Thijs et al. [48] PC ? - - - ? - ? - NA - - ? - 4/12 (33.3)
Hootman et al. [49] RC ? ? ? ? ? ? ? ? NA ? - ? ? 10/12 (83.3)
Taunton et al. [50] RC - ? - ? - - - ? NA ? - ? ? 6/12 (50.0)
Warren and Davis [51] RC ? ? ? - - - ? - NA - - ? - 5/12 (41.6)
Myburgh et al. [52] CC ? ? ? ? NA NA ? NA - - - - - 5/10 (50.0)
Miller et al. [53] CC ? - - ? NA NA ? NA - - - ? - 4/10 (40.0)
Fredericson et al. [54] CC ? - - ? NA NA ? NA - - - - - 3/10 (30.0)
Henriksson et al. [55] CS 3 group ? ? - ? ? NA ? NA ? - - ? - 7/11 (63.6)
Barrow and Saha [56] CS 3 group ? ? ? ? ? NA - NA ? - - - - 6/11 (54.5)
Ribeiro et al. [57] CS 3 group ? ? ? ? - NA ? NA - - - ? - 6/11 (54.5)
Ribeiro et al. [58] CS 3 group ? ? ? ? - NA ? NA - - - ? - 6/11 (54.5)
Ekenman et al. [59] CS 3 group ? ? - - ? NA ? NA - - - ? - 5/11 (45.4)
Messier and Pittala [60] CS 3 group ? - - - - NA ? NA - - - ? - 3/11 (27.2)
Wen et al. [61] CS 2 group ? - ? ? ? NA ? NA ? ? - ? ? 9/11 (81.8)
Parker et al. [62] CS 2 group ? ? - ? ? NA ? NA ? ? - ? ? 9/11 (81.8)
Marti et al. [63] CS 2 group ? ? - ? ? NA ? NA ? ? - ? - 8/11 (72.7)
Marti [64] CS 2 group ? ? - ? ? NA ? NA ? ? - ? - 8/11 (72.7)
Rasmussen et al. [65] CS 2 group ? ? - ? ? NA ? NA - ? - ? ? 8/11 (72.7)
Lloyd et al. [66] CS 2 group ? ? ? ? ? NA ? NA - - - ? ? 8/11 (72.7)
McKean et al. [67] CS 2 group ? ? - ? ? NA ? NA ? - - ? ? 8/11 (72.7)
McKelvie et al. [68] CS 2 group ? ? - ? ? NA ? NA ? - - ? - 7/11 (63.6)
Jacobs and Berson [69] CS 2 group ? ? - ? ? NA ? NA ? ? - - - 7/11 (63.6)
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bearing physical activity hours per week significantly
increased the risk of general RRI [35, 49]. A number of
studies found no statistically significant relationships
between RRI and duration [32, 36, 50, 52, 71, 88].
Therefore, conclusions remain open to speculation for this
modifiable exposure.
3.4.3 Frequency
A total of 15 studies assessed whether frequency of running
training and/or competitive practice affected the risk of
RRI [23, 24, 35, 36, 42, 43, 49, 52, 66, 67, 69, 72, 75,
85, 88] (ESM Table S6). The median methodological
quality score for the eight longitudinal study designs,
including one RCT, was 79.2% (range 58.3–91.6). The
case–control and cross-sectional designs (n = 7) had a
median quality score of 54.5% (range 27.2–72.7). Six
studies found statistically significant results
[24, 42, 43, 67, 69, 85].
A higher frequency significantly increased the risk of
general RRI and injuries to the front thigh in two
prospective cohort studies [24, 43]. The same effect
direction was found in three cross-sectional studies
[67, 69, 85]. Conversely, a lower frequency (1.0
vs.[1.0 day/week) strongly increased the risk of injury in
a prospective cohort study of satisfactory methodological
quality [42]. The study by Walter et al. [24] provided
evidence that an incremental addition of one weekly run-
ning session strongly increased the risk of RRI for males.
However, in the same study, only the 7.0-day/week cate-
gory for females significantly increased the risk. A number
of high-quality prospective cohort studies found no statis-
tically significant relationships for frequency
[23, 35, 36, 49, 88]. Accordingly, it is not possible to
Table 2 continued
Study Design Methodological quality criteriaa
1 2 3 4 5 6 7 8 9 10 11 12 13 Score (%)
Gerlach et al. [70] CS 2 group ? - - ? ? NA ? NA ? ? - ? - 7/11 (63.6)
Chang et al. [71] CS 2 group ? ? - ? ? NA ? NA - - - ? ? 7/11 (63.6)
Haglund-A˚kerlind et al. [72] CS 2 group ? - ? ? ? NA ? NA - - - ? - 6/11 (54.5)
Duffey et al. [73] CS 2 group ? - ? ? - NA ? NA - ? - ? - 6/11 (54.5)
Bennell et al. [74] CS 2 group ? - ? ? - NA ? NA ? - - ? - 6/11 (54.5)
Lopes et al. [75] CS 2 group ? ? ? ? ? NA ? NA - - - - - 6/11 (54.5)
Valliant [76] CS 2 group ? ? - - ? NA ? NA - - - ? - 5/11 (54.5)
Messier et al. [77] CS 2 group ? - - ? - NA ? NA - ? - ? - 5/11 (54.5)
Niemuth et al. [78] CS 2 group ? ? - ? - NA ? NA - - - ? - 5/11 (54.5)
Marti and Rehmann [79] CS 2 group - ? - - ? NA ? NA ? - - - - 4/11 (36.3)
Grimston et al. [80] CS 2 group ? - - - - NA ? NA ? - - - ? 4/11 (36.3)
Messier et al. [81] CS 2 group ? - - ? - NA ? NA - - - ? - 4/11 (36.3)
Reinking and Hayes [82] CS 2 group ? - - - - NA ? NA ? - - ? - 4/11 (36.3)
McQuade [83] CS 2 group ? - - - ? NA - NA - - - ? - 3/11 (27.2)
McCrory et al. [84] CS 2 group ? - - - - NA ? NA - - - ? - 3/11 (27.2)
Knobloch et al. [85] CS 2 group - - ? - - NA - NA - ? - ? - 3/11 (27.2)
Caselli and Longobardi [86] CS 2 group - ? - - ? NA - NA - - - - - 2/11 (18.1)
Fonseca et al. [87] CS 2 group - ? - - - NA - NA ? - - - - 2/11 (18.1)
CC case–control, CS two-group cross-sectional two group comparison, CS three-group cross-sectional three group comparison, NA not appli-
cable, PC prospective cohort, RC retrospective cohort, ? or - indicates the item was scored positive or negative, respectively, for a given study
a Quality assessment criteria: (1) study had a clearly defined purpose; (2) setting, locations, dates, and periods of recruitment reported; (3) main
demographic features of population reported; (4) eligibility criteria and sampling methods/strategy reported; (5) numbers at each stage of the
study reported; (6) if participation at follow-up was[80% for periods of B6 months or[60% for periods of C7 months; (7) methods used to
collect data reported (i.e., surveys, physical examinations procedure); (8) prospective observational follow-up period C12 months; (9) partici-
pants’ recall periods reported; (10) injury definition and associated physical impairments reported and discernible; (11) if the statistical analyses
and/or exposure assessment occurred under blinding (i.e., blind physical assessment and concealed group coding); (12) if the statistical approach
used was transparently reported; (13) adequate adjustment for covariates occurred via the use of a multivariable technique. Further information:
item 9 was not applicable for PC studies; items 5, 6, and 8 were not applicable for CC studies; items 6 and 8 were not applicable for CS studies.
Table S2 in the Electronic Supplementary Material provides a more detailed explanation for each item
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definitively conclude that running frequency is an impor-
tant factor in injury causation.
3.4.4 Pace and Interval
A total of 20 studies were included in the pace and interval
sub-category (ESM Table S7). The median methodological
quality score was 68.1% (range 27.2–91.6), with eight
studies scoring C75.0% [24, 29, 30, 35, 36, 49, 61, 88].
Eight studies found statistically significant differences in
injured and non-injured groups [29, 35, 49, 61, 63,
69, 77, 84].
The high-quality prospective study by Hespanhol Junior
et al. [35] found that a 1.0-day/week increase of speed
training moderately increased the risk of RRI. The same
authors found that increasing interval-based training by
1.0 day/week had a moderate protective effect. In the
prospective cohort studies by Malisoux et al. [36] and
Theisen et al. [88], mean running speed (per 1.0-kph unit
increase) was statistically insignificant in unadjusted anal-
yses. Many other studies did not find that pace and/or
interval-based training affected general or specific RRI risk
[24, 30, 52, 53, 60, 66, 72, 73, 81, 83]. Based on the
contrasting results and limited evidence available for the
Table 3 PEDro quality of scores for randomized controlled trials ordered by decreasing rank
Study Criteria for assessing methodological qualitya
1 2 3 4 5 6 7 8 9 10 11 12 Score (%)
Theisen et al. [88] ? ? ? ? ? ? ? ? - ? ? ? 11/12 (91.6)
Cobb et al. [89] ? ? ? ? - - - ? ? ? ? ? 9/12 (75.0)
Buist et al. [90] ? ? ? ? - - - ? ? ? ? ? 9/12 (75.0)
Bredeweg et al. [91] ? ? ? ? - - - - ? ? ? ? 8/12 (66.6)
Ryan et al. [92] ? ? - ? - - - ? ? ? ? ? 8/12 (66.6)
Ryan et al. [93] - ? ? ? - - - - - ? ? ? 6/12 (50.0)
Van Mechelen et al. [94] ? - - ? - - - - - ? ? ? 5/12 (41.6)
Jakobsen et al. [95] - - - ? - - - ? ? ? - ? 5/12 (41.6)
PEDro Physiotherapy Evidence Database, ? or - indicates the item was scored positive or negative, respectively, for a given study
a Quality assessment criteria: (1) eligibility criteria specified; (2) random allocation to groups; (3) allocation concealed; (4) groups similar at
baseline; (5) blinding of participants; (6) blinding of therapists who administered the intervention; (7) blinding of assessors who measured at least
one key outcome; (8) measures of at least one key outcome were obtained for[85% of participants initially allocated to groups; (9) intention-to-
treat analyses used; (10) results of between-group statistical comparisons reported; (11) study provided both point measures and measures of
variability for at least one key outcome; (12) injury definition and associated physical impairments reported and discernible. Table S3 in the
Electronic Supplementary Material provides a more detailed explanation for each item
Table 4 Overview of select modifiable results across 12 exposure sub-categories: total number of studies within each sub-category, outcome,
study design, and median quality assessment score
Exposure Total no. of
studies (N)
Focus on general (n)/
specific (n) injury
Reported study designs (n) Median (range)
quality score
RCT PC RC CC CS
Distance 36 17/19 2 12 2 2 19 63.6 (18.1–91.6)
Duration 8 4/4 1 3 2 1 1 75.0 (50.0–91.6)
Frequency 15 10/5 1 6 1 1 6 72.7 (27.2–91.6)
Pace/interval 20 10/10 1 5 1 2 11 68.1 (27.2–91.6)
Weight 23 5/18 0 8 0 1 14 54.5 (27.2–91.6)
BMI 25 13/12 1 16 2 0 6 75 (33.3–91.6)
Diet and hormonal 9 2/7 1 2 0 1 5 63.6 (50.0–91.6)
Footwear/insoles/orthotics 15 8/7 3 3 0 1 8 66.6 (50.0–91.6)
Terrain/surface 19 9/10 1 6 0 1 11 65.1 (18.1–91.6)
Stretching/warm-up/cool-down 9 8/1 1 3 1 0 4 63.6 (27.2–91.6)
Psychological 11 10/1 0 6 0 0 5 69.6 (36.3–91.6)
Other modifiable 13 11/2 3 3 1 0 6 66.6 (27.2–91.6)
BMI body mass index, CC case–control, CS cross-sectional, PC prospective cohort, RC retrospective cohort, RCT randomized controlled trial
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effect of running pace and interval training on RRI risk, it
was not possible to form any definitive conclusions for
these exposures.
3.4.5 Weight
In total, 23 studies examined whether body weight affected
RRI risk (ESM Table S8). Although the majority of articles
were cross-sectional (n = 14), there were eight prospective
cohort investigations with a median quality score of 54.1%
(range 33.3–91.6) [25, 29, 32, 45, 46, 47, 48, 50]. Across
the latter studies, only two studies found statistically sig-
nificant associations between weight and injuries to the
foot and plantar fascia [29, 50]. The significant findings in
two other cross-sectional studies offered contrasting effect
directions and should be subject to careful interpretation
[73, 76]. Four studies found statistically significant varied
effect directions or differences between groups. There is
inadequate evidence to support that either higher or lower
body weight significantly influences RRI risk.
3.4.6 Body Mass Index
The assessment of BMI featured in 25 studies, which had a
median methodological quality score of 75.0% (range
33.3–91.6) (ESM Table S9). The mean quality score for the
prospective cohort studies was 69.9%, with ten being of
high quality [23, 25, 26, 31–33, 36–38, 61]. Nine studies
found a statistically significant difference between BMI
values between injured and non-injured runners, of which
two reported a strong effect size [42, 50].
In terms of specific results, there was a fivefold greater
risk of spinal injuries and a 2.4-fold increased risk of tibial
stress fracture in female runners with a BMI of\21 kg/m2
compared with a 21.0 kg/m2 reference [50]. Likewise, a
BMI of[26 kg/m2 strongly decreased the risk of RRI in a
prospective investigation of satisfactory quality [42]. These
were unique observations, as most investigations found that
a higher BMI increased RRI, including an RCT and
prospective cohort study that both used a 1-kg/m2 per unit
increased exposure [31, 88]. A higher BMI significantly
increased the risk of general and specific injures in five
more prospective cohort investigations [31, 37, 38, 41, 61].
Given that 17 investigations, ten of which were longitu-
dinal in design, did not find a statistically significant effect
for BMI, it seems that neither a higher nor a lower BMI is
an important exposure in a given RRI causal mechanism.
3.4.7 Diet and Hormonal
Nine studies examined factors related to dietary practice
and medication use [25, 43, 52, 55, 56, 66, 70, 74, 89]
(ESM Table 10). The median methodological quality score
for these studies was 63.6% (range 50.0–91.6), with an
RCT [89] and prospective cohort [25] study scoring 75.0
and 91.6%, respectively. Regarding dietary practices, the
prospective investigation by Kelsey et al. [25] found that
low calcium intake increased the risk of stress fracture in
female runners, albeit this association was not statistically
significant. Likewise, the case–control study by Myburgh
et al. [52] found a statistically significant difference in
daily calcium intake and dairy product consumption
between runners afflicted with and without stress fracture
in crude analyses. In the same study, no other macro and
micronutrients and vitamins discriminated injured from
non-injured runners [52].
In terms of medication use, the use of oral contracep-
tives (OCs) was associated with a decreased risk of stress
fracture development in female distance runners across a
number of studies [25, 52, 56, 66, 89]. In the RCT by Cobb
et al. [89], only the treatment-received (i.e., per protocol)
analyses for C1 month’s continued OC use produced a
strong statistically significant reduction of 77% in risk. The
intention-to-treat analysis in the same study resulted in
43% reduction in risk, albeit this was not statistically sig-
nificant. Likewise, the high-quality prospective cohort
study by Kelsey et al. [25] found a strong, albeit insignif-
icant, 2.2-fold increased risk of stress fracture incidence
associated with reporting never having used OCs.
The five studies that assessed the effects of menstruation
on stress fracture development indicated that irregular or
absent menstruation was associated with an increased risk
[25, 52, 55, 56, 66]. In the only prospective study to
examine menarche and menstrual patterns, a younger age
at menarche (per 1.0-year unit decrease) nearly doubled the
risk of stress fracture. Even though no statistically signifi-
cant relationship was found for a history of menstrual
irregularity over a lifetime recall in the same study, the
greater than threefold risk increase is clinically interesting
[25]. A case–control [52] and two cross-sectional studies
[56, 66] found that a significantly higher proportion of
injured runners had irregular or absent menstrual cycles.
Overall, there is a paucity of literature that has examined
diet and hormonal exposures as they relate to the devel-
opment of RRI. Even so, the evidence provided here sup-
ports a protective effect of OC use on stress fracture
development, whereas absent or irregular menstrual pat-
terns increased the risk.
3.4.8 Footwear, Insoles, and Orthotics
In total, 15 studies examined exposures relating to foot-
wear, insoles, and orthotics (ESM Table S11). The median
quality score for these studies was 66.6% (range
50.0–91.6). The use of shoe insoles and orthoses was
strongly associated with an increased risk of developing
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any given RRI in four cross-sectional studies; however, the
temporality of causal effects remain subject to informed
judgement [61, 63, 67, 71]. Wearing running shoes for
longer before discarding them was associated with a
decreased risk of general injury and anterior knee pain
[61, 73]. The high-quality prospective cohort study by
Kluitenberg et al. [38] suggested that footwear condition,
whether used or new, did not significantly affect the risk of
RRI. The same study also found similar effects for foot-
wear that was\3.0 months old compared with footwear
aged between 3.0 and 12.0 months [38]. Wearing soft
insoles and rotating running footwear both produced a
moderate decrease in risk for knee and general injury,
respectively [36, 71].
Three RCTs with a mean quality score of 69.4% (range
50.0–91.6) investigated whether different foot and/or
running shoe types could predict the incidence and/or
severity of RRI [88, 92, 93]. One RCT found that wearing
motion control footwear in both neutral and pronated foot
types significantly increased self-reported pain scores in
female runners when compared with both stability and
neutral footwear [93]. Another RCT found that cushioned
midsoles did not significantly reduce the incidence of RRI
compared with non-compliant midsoles [88]. The third
RCT found that both the part and full minimalist footwear
conditions strongly increased the RRI incidence rate per
1000 h when compared with a conventional neutral run-
ning shoe [92]. The diversity of questions and trialed
footwear types and conditions suggests that more research
needs to be conducted for this particular modifiable sub-
category.
3.4.9 Terrain and Surface
A total of 19 studies assessed whether topographic features
and the compliancy of particular surfaces affected RRI risk
(ESM Table S12). The median quality score for the seven
longitudinal investigations was 91.6% (range 66.6–91.6),
whereas the case–control and 11 cross-sectional studies
scored 54.5% (range 18.1–81.8). One high-quality
prospective cohort investigation found that running two-
thirds of the time on non-compliant surfaces, such as
concrete, significantly increased the risk of general injury
for female runners, but not males [23]. In agreement, Wen
et al. [61] found that less time spent running on concrete
decreased the risk of thigh and back injuries. Despite being
of high quality, this study used a cross-sectional design, so
the temporality of this effect is unknown. Given the
number of studies that found no statistically significant
association for terrain and/or surface, including a number
of high-quality prospective cohort investigations
[24, 25, 35, 36, 42], the evidence does not support that
these modifiable training-related factors affect RRI risk.
3.4.10 Stretching, Warm-Up, and Cool-Down
Limited data were available for stretching, warm-up, and
cool-down practices [24, 30, 34, 49, 69, 73, 76, 83, 94] (ESM
Table S13). Themedianmethodological quality score for the
nine studies was 63.6% (range 27.2–91.6), of which the
median score for five longitudinal investigations was 83.3%
(range 41.6–91.6) [24, 30, 34, 49, 94]. The cross-sectional
studies that assessed the frequency and duration of stretching
generally found that a higher proportion of injured runners
stretched [69, 73, 83]. The only RCT in this sub-category,
which tested the effect of an individualized program
involving stretching, warm-up, and cool-down practices,
found no statistically significant difference in the RRI inci-
dence rate per 1000 h between its two groups [94]. Two
prospective cohort studies found no statistically significant
association between warming up and cooling down and
general RRI [30, 34]. The high-quality prospective cohort
study byWalter et al. [24] found a significant 60% increased
risk associated with ‘always stretching’ versus ‘sometimes
stretching’ for male runners, but not females. According to
the varied effect directions, it is not possible to determine
whether stretching, warm-up, and cool-down practices
increase or decrease the risk of RRI.
3.4.11 Psychological Factors
There were 11 studies in the psychological sub-category
(ESM Table S14): six prospective cohort
[24, 26, 31, 35, 40, 41] and five cross-sectional studies
[59, 62, 63, 76, 79]. The median methodological quality
score for these studies was 69.6% (range 36.3–91.6). Eight
studies found a significant relationship between personality
type and RRI risk [24, 26, 31, 40, 59, 62, 63, 79], with type
A-opposed to type B-related personalities generally
increasing the risk. When compared with a type B per-
sonality disposition, type A individuals are generally more
competitive, outgoing, ambitious, impatient, and aggres-
sive. Even so, many studies only reported proxy variables
that tenuously suggest personality type, such as training
only to be competitive rather than running only for fitness
or recreational purposes [24, 59, 63, 79]. One early cross-
sectional study used a distinctive personality inventory, and
so it was not fully understood how particular items such as
being less ‘forthright’ and less ‘toughminded’ had affected
the differences in risk between injured and non-injured
runners [76]. A number of equivocal relationships emerged
across sexes and between items in another cross-sectional
study [59]. Specifically, Ekenman et al. [59] found that a
higher sense of impatience, time urgency, and conviction to
exercise significantly discriminated females afflicted with
tibial stress fracture versus healthy controls. Two
prospective cohort investigations have since found either
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no relationship between personality type and RRI [31] or
that being type B actually increases the risk [26]. On the
whole, few scientific investigations have examined whether
personality characteristics and/or behavioral patterns affect
the risk of RRI. Because of this, no definitive conclusions
can be drawn.
3.4.12 Other Modifiable Factors
The other modifiable sub-category included investigations
that examined the effect of preconditioning and custom
training plans on RRI risk, as well as exposures relating to
strength training and running discipline/events (ESM
Table S15). Across 13 studies, the median methodological
quality score was 66.6% (range 27.2–91.6). One RCT
found that, for competition-related injuries, an individual-
ized injury-prevention running program significantly
decreased the RRI incidence rate per 1000 h [95]. How-
ever, the same trial found no statistically significant dif-
ference for the training-related injury incidence rate per
1000 h. Another RCT examined the effects of a precon-
ditioning program that aimed to facilitate gradual muscu-
loskeletal adaptation prior to a running program [91]. The
preconditioning intervention did not significantly differ-
entiate the RRI incidence rate per 1000 h between injured
and non-injured runners [91]. A retrospective cohort study
found a moderate decrease in injury risk for female runners
if they engaged in weight training 2 days per week, but no
significant relationship was found for males [49]. A strong
increased risk of competition-related injury in female
runners was strongly associated with group-based training
compared with running solo [62]. The risk of sustaining a
training-related injury was also moderately increased for
the group-based training condition, although this associa-
tion was not statistically significant [62]. The use of
specific conditioning programs was not protective against
the development of RRI in the two RCTs that examined
this. Further research is required to determine whether
strength-based resistance training directly protects against
injury in the distance running context.
3.5 Non-Modifiable Risk and Protective Factors
In the non-modifiable category, there were seven sub-cat-
egories comprising individual factors identified in the
retrieved literature: age, sex, height, experience, previous
injury, biomedical, and other non-modifiable (i.e., factors
that could not be appropriately sub-categorised) (Table 5).
3.5.1 Age
A total of 34 studies reported the effects of age on RRI risk
(ESM Table S16). The median quality score for these
studies was 60.8% (range 27.2–91.6), with three investi-
gations scoring 91.6% [25, 26, 88]. Of 15 prospective
cohort studies, 13 received scores C50.0% [25, 26, 29,
31–33, 36, 38, 41–43, 45, 46]. One retrospective cohort
study scored 83.3% [49] and another scored 50.0% [50];
and 11 of 16 cross-sectional designs were of satisfactory
methodological quality [57, 58, 61–63, 66, 68, 70,
72, 74, 77]. Nine studies reported a statistically significant
association with age [25, 38, 41–43, 49, 50, 68, 80]. In five
of the nine, the direction of the effect between age and
general RRI was inconsistent and was further modified by
sex [38, 41, 42, 49, 68].
In terms of specific injury, a strong increased risk of
front thigh injury was found for the age bracket 30–34
versus\25 years, but not for ages either side of this (B29
or C35 years) [43]. Conversely, being aged 30–34
and C40 years strongly decreased the risk of calf injury,
but no statistically significant association was found
for B29 and 35–39 years [43]. The study by Taunton et al.
[42] found a strong decreased risk of new injury, but only
for female runners aged\31 years. A high-quality
prospective cohort investigation found that a younger age
(per 1.0 year unit decrease) moderately increased the risk
of stress fracture in female runners by 42.0% [25]. Con-
versely, Kluitenberg et al. [38] found weak evidence to
support that a higher age increased the risk of general
injury in multivariable survival analyses. Other high-
quality longitudinal investigations did not find a statisti-
cally significant relationship between age and general or
specific RRIs [26, 29, 31–33, 36], including an RCT after
multivariable adjustment [88]. As a whole, there is little
scientific evidence to support that age is an important factor
for RRI development.
3.5.2 Sex
In total, 16 studies directly compared the risk of RRI across
sexes (ESM Table S17). The median quality score for these
studies was 66.0% (range 41.6–91.6), with five studies
scoring C75.0% [26, 32, 36, 38, 88]. The majority of
studies, including those of a higher quality, did not find
statistically significant differences in RRI risk across sex.
The multivariable adjusted analysis in the prospective
cohort study by Buist et al. [41] found a moderately sig-
nificant increased risk of general injury among males
compared with females. Another study, albeit cross-sec-
tional by design, also found that male runners aged\40 -
years had a moderately significant higher odds of
sustaining a given injury than their female counterparts
[67]. In contrast, Lopes et al. [75] found that the presence
of pain was significantly greater in females than males.
Similarly, females were at a strong increased risk of hip
injuries but not of injuries to the hamstring or calf [43].
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Many studies did not support a sex-based risk difference
hypothesis [26, 32, 36, 38, 39, 44, 46, 47, 65, 69, 77, 88].
On balance, there is little evidence to support any con-
ceivable sex-based risk difference hypothesis.
3.5.3 Height
Height was examined in 20 investigations comprising
seven prospective cohort studies, one retrospective cohort
study, and 12 cross-sectional study designs (ESM
Table S18). The median quality score for these studies was
54.0% (range 27.2–91.6). Five investigations found statis-
tically significant associations with height
[24, 50, 73, 76, 77], with two utilizing multivariable
analyses [24, 50]. The measures of association in one study
were particularly strong, indicating that both male and
female runners who were\157 cm tall had a significantly
increased risk of sustaining injuries to the plantar fascia
and anterior aspect of the knee than the 157-cm tall ref-
erence group, respectively [50]. No relationships were
found for a number of other specific injuries. According to
these data, and given the absence of statistically significant
differences in 15 studies, the evidence to support height as
a risk factor is very weak.
3.5.4 Experience
A total of 38 studies examined whether factors related to
running experience affected the risk of RRI (ESM
Table S19). Across 16 longitudinal study designs,
including one RCT, the median methodological quality
score was 79.1% (range 50.0–91.6). The median quality
for the two case–control and 20 cross-sectional studies
was 54.5% (range 27.2–81.8). Measures used in the
studies ranged from absolute or cumulative monthly or
yearly units of running to other historical measures, such
as years of axial loading and years engaged in compet-
itive running. The high-quality prospective cohort study
by Buist et al. [31] found that a history of non-axial
loading doubled the risk of injury in males but not
females. The opposite picture emerged in another
prospective cohort study, whereby a history of non-axial
loading strongly increased the risk of injury in females,
but not males [41]. One high-quality RCT found no
significant evidence to support the association between
experience or number of weekly competitions and RRI,
but it did find a strong protective effect associated with
reporting having run regularly in the prior 12 months
[88]. Conversely, running year round was shown to
strongly increase the risk of general RRI in another
prospective cohort study for both males and females
[24]. A number of investigations with varied study
designs found higher training- and/or competition-related
experience to be associated with a significantly increased
risk of general and specific RRI [29, 49, 66, 69, 72,
75, 84, 85], but this was not the common rule
[23, 31, 38, 41, 43, 50, 61, 62, 65, 77]. The overall
evidence and the number of studies that found no sta-
tistical relationship suggests that running experience
does not affect the development of RRI.
3.5.5 Previous Injury
A total of 22 studies examined the association between
previous injury and the development of a subsequent RRI
(ESM Table S20): one RCT [88], 15 prospective cohort
studies [23–26, 29, 31, 32, 34–36, 38, 39, 41, 44], two
retrospective cohort studies [49, 50], and four cross-sec-
tional studies [62–65]. The median methodological quality
scores for these studies was 78.4% (range 50.0–91.6).
Overall, only three investigations failed to find statistically
significant effects for previous injury [34, 41, 50]. The
measures of association for the remaining 19 studies were
universally strong and statistically significant. Based on
this evidence, previous injury is a strong risk factor for RRI
development.
Table 5 Overview of select non-modifiable results across seven exposure sub-categories. The total number of studies within each sub-category,
the outcome, study design and median quality assessment score are presented
Exposure Total no. of studies (N) Focus on general (n)/specific (n) injury Reported study designs (n) Median (range)
quality score
RCT PC RC CC CS
Age 34 15/19 1 15 2 0 16 60.8 (27.2–91.6)
Sex 16 9/7 1 9 0 0 6 66.0 (41.6–91.6)
Height 20 5/15 0 7 0 0 12 54.0 (27.2–91.6)
Experience 38 17/21 1 13 2 2 20 65.1 (27.2–91.6)
Previous injury 22 12/10 1 15 2 0 4 78.4 (50.0–91.6)
Biomedical 6 0/6 0 3 0 1 2 56.4 (36.3–91.6)
Other non-modifiable 5 5/0 0 1 0 0 4 63.6 (36.3–83.3)
CC case–control, CS cross-sectional, PC prospective cohort, RC retrospective cohort, RCT randomized controlled trial
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3.5.6 Biomedical Factors
Six studies tested the association between select biomedi-
cal factors and RRI [25, 32, 43, 52, 74, 80] (ESM
Table S21): three prospective cohort studies [25, 32, 43],
one case–control study [52], and two cross-sectional stud-
ies [74, 80]. The median methodological quality score for
these studies was 56.4% (range 36.3–91.6). In the high-
quality prospective cohort study by Kelsey et al. [25], a
lower whole-body bone mineral content (BMC) strongly
increased the risk of stress fracture in female runners. The
case–control study by Myburgh et al. [52] also found
runners with stress fracture had a significantly lower bone
mineral density (BMD) in a number of anatomical loca-
tions than healthy controls. Conversely, the cross-sectional
study by Grimston et al. [80] found that females without
stress fracture had significantly lower BMD values in the
lumbar spine and femoral neck than runners with stress
fracture. A later cross-sectional study found no statistically
significant differences in BMD values between injured and
non-injured female runners with tibial stress fracture across
a range of bodily locations [74]. The only histopathological
investigation found a significantly strong increased risk of
Achilles tendinopathy development in the presence of
higher intratendinous microvascular networks [32]. More
studies are required to investigate biomedical exposures as
they relate specifically to their effect on RRI risk.
3.5.7 Other Non-Modifiable Factors
Other non-modifiable factors were related to demographic
characteristics (ESM Table S22). There were five studies in
this sub-category, with a median methodological quality
score of 63.6% (range 36.3–83.3). In the high-quality
prospective cohort study by Van Middelkoop et al. [30], a
high level of education decreased the risk of RRI, albeit the
effect was weak and non-significant. A number of cross-
sectional studies investigated fitness level, number of
children, marital status, occupation, and income, but none
were found to dictate injury status [66, 69, 70, 79].
4 Discussion
The purpose of this systematic review was to compile the
evidence about modifiable and non-modifiable training-
related and behavioral risk and protective factors on the
risk of developing middle- and long-distance RRI. This is
important because knowledge about whether or not the
modification of certain factors will reduce the risk of RRI is
valuable information for a number of people and organi-
zations, including but not limited to runners, coaches,
academic researchers, community-based healthcare pro-
fessionals, and athletic governing bodies.
In terms of methodological quality, the mean score
associated with the reviewed RCTs was satisfactory
(63.5%). The PEDro scale mainly showed that a number of
included RCTs did not meet criteria for blinding with
regard to intervention allocation. However, it is not always
ethical or practical to blind participants, therapists, and/or
research staff to sports medicine interventions, and so this
finding is not unexpected. Regarding the cohort studies, the
mean quality score was satisfactory (72.8%), albeit the
ratings of the observational follow-up period received a
low overall score because few studies were for longer than
12 months. Among the cross-sectional and case–control
study designs, 58.3% did not report the recall period for
injury history and/or training-related practices, and even
fewer studies reported a clear definition of injury (28%). In
contrast, 84% of longitudinal study designs clearly defined
the study’s outcome. Despite this discrepancy, a detailed
and discernible injury definition was still reported in only a
few retrospective studies that aimed to determine the risk
factors for a specific injury selected and diagnosed a priori.
For example, certain cross-sectional and case–control
studies used their injury definition to identify runners who
had experienced comparable impairments to training-re-
lated practices, but only because they shared the same
pathological features of a suspected injury [73, 77, 81].
This took place prior to a formal diagnostic procedure to
confirm either inclusion or exclusion. Therefore, irrespec-
tive of study design, future investigations should clearly
state and operationalize the consensus-based standardized
definition for reporting a RRI event [96].
Regarding the compiled evidence on modifiable factors,
limited evidence suggested that irregular or absent men-
struation, and never having used OCs, were associated with
an increased risk of stress fracture development
[25, 52, 55, 56, 66, 89]. Because these two factors are
related to the female athlete triad, more research is now
required to clarify precisely how hormone imbalances (as
displayed by menstrual irregularities), along with other
factors, affect the risk of stress fracture development in
female distance runners. Varied effect directions and/or a
number of statistically insignificant results for a given
exposure were found for distance; duration; frequency;
pace and intervals; weight; BMI; footwear, insoles, and
orthotics; terrain and surface; stretching; warm-up and
cool-down practices; psychology; and individualized
training programs. Regarding non-modifiable factors, var-
ied effect directions and/or a number of statistically
insignificant results for a given exposure were found for
age, sex, height, experience, and certain exposures in the
biomedical sub-category such as BMD and BMC. The only
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factor that consistently increased the risk of RRI was
reporting a history of previous injury [4, 5, 8, 9, 11, 13, 15].
Saragiotto et al. [15] described how runners might adopt
different biomechanical patterns when running in response
to an existing or previous pain stimulus. In particular,
runners will attempt to protect themselves from further
physical harm or re-injury by modifying their running gait
cycle. Whilst previous injury is not itself modifiable, it
might be possible to influence outcomes associated with
injury history such as through improved rehabilitation
programs. Therefore, the next step for research is to further
investigate why and how previous injury contributes to the
development of subsequent injury [8, 15]. This enhanced
information would provide clinical staff and physical
therapists with additional knowledge about how to protect
previously injured runners from sustaining a subsequent
injury, be it via physical screening or tailoring training-
related advice accordingly (e.g., instructing about the risk
of rapidly increasing weekly running distances). Given that
previous injury is a non-modifiable runner-intrinsic factor,
its effect on increasing subsequent injury risk necessitates
both clinical expertise and high-quality epidemiological
data. It is essential to recognize that repeat, recurrent, and
multiple injuries are not synonymous, and because of this,
the subsequent injury categorization (SIC) model should
now be used to inform and guide the design of future RRI
epidemiological investigations [97].
Contrary to the conclusions offered in previous reviews
[4, 5, 9–11], we did not find adequate evidence to support
that a higher weekly running distance increased the risk of
RRI. Indeed, the term ‘higher’ is entirely relative to the
individual runner and his/her underlying physiology
[98, 99]. Accordingly, Nielsen et al. [13] identified that a
complex relationship involving distance, frequency, dura-
tion, and pace has not been sufficiently accounted for,
whether methodologically or analytically, in the majority
of studies. For example, even though it has been traditional
practice to quantify running distance as a time-fixed
exposure, it is more accurate to examine how distance
changes over time in relation to injury risk
[8, 28, 37, 90, 100]. The only two investigations to com-
pare differences in running distance progression were both
statistically insignificant yet clinically interesting [28, 90].
Specifically, the mean survival time for runners random-
ized to a 10% graded program over a 13 weeks was 212
minutes compared with 167 minutes for runners left to their
own devices over an 8-week period [90]. Likewise, novice
runners who increased their weekly distance by more than
30% over a fortnightly period were at a 60% increased risk
of sustaining an RRI than a group that increased their
distance by\10% [28]. Based on these results, future
research should aim to determine how much running the
musculoskeletal system can tolerate given the presence of
other pertinent time-dependent exposures. Theoretically,
this means hypotheses should formally prioritize running
participation in relation to other time-varying factors. From
an analytical standpoint, this requires adoption of time-to-
event statistical analyses that better account for the
dynamic nature of risk [101]. Recent interest and new
developments surrounding the relationship between rapidly
increasing training loads and injury should now be exten-
ded to the distance RRI context [102].
A limited number of studies examined diet and hor-
monal factors. The available evidence was insufficient to
support whether or not overall energy intake, macro and
micronutrients, or general medication use were associated
with RRI. On the other hand, despite few studies of varied
design, OC use was found to be associated with a decreased
risk of stress fracture development [25, 52, 56, 66, 89].
Further research is now required to elucidate how OC use
protects against stress fracture development in female
athletes. In particular, the need to use OCs is likely
attributable to a number of specific deleterious physiolog-
ical effects associated with the female athlete triad. This
well-known phenomenon is characterized by the tight
interplay between amenorrhea, suboptimal energy avail-
ability, and reduced BMD [103]. Together, these factors
manifest and not only detrimentally affect sporting per-
formance but also pose a serious risk to the athlete’s overall
health [103, 104]. Given that this systematic review also
found irregular or absent menstruation to be associated
with a significantly increased risk of stress fracture devel-
opment [25, 52, 55, 56, 66], more research should now
investigate how key exposures associated with the female
athlete triad interact and ultimately affect the risk of dis-
tance RRI. However, this could prove challenging as the
feasibility of conducting experimental trials in this area has
been questioned [89].
Whether a product of intuition or due to the practicali-
ties of ascertainment and quantification, age, running dis-
tance, BMI, and running experience have featured
recurrently in the RRI literature (Tables 4, 5). Despite
heightened interest surrounding these factors, conclusions
as to their effect on the development of RRI remain
speculative at best. This is primarily due to methodological
and analytical heterogeneity, including the way in which
exposures are quantified and measured, the sampling of
varied populations, different lengths of follow-up, and the
use of a range of injury definitions and statistical tech-
niques. The results from this systematic review do not
reflect the first-hand experiences of recreational distance
runners about what factors they personally believe cause
RRI [105]. Further qualitative studies are now required to
confirm whether or not there is a wider disconnect between
the evidence generated via highly controlled epidemio-
logical inquiry and runners’ opinions and beliefs about RRI
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causation [106]. Likewise, more research utilizing a lon-
gitudinal study design is needed to investigate the effect of
personality type, behavioral patterns, and motivation on the
risk of RRI development [26, 31]. The same line of rea-
soning applies to the paucity of literature that has examined
different dietary practices and regimens of nutritional
supplementation [52]. In terms of exposures relating to
preparatory practices and athletic recovery, this systematic
review was limited in scope given that it could only
identify a few studies reporting the effects of warm-up,
cool-down, and/or stretching routines in relation to injury
susceptibility. Therefore, future RRI-prevention research
should both increase its depth and widen its breadth in
terms of refining existing knowledge and exploring new
topics. It is now time to investigate new research areas and
introduce novel hypotheses in the RRI context.
4.1 Limitations
A number of limitations of this review should be noted.
Starting with the search strategy itself, it is possible that
potentially eligible articles were missed, particularly
because one author independently examined the eligibility
of identified articles during the first screening round.
However, when the eligibility of an article was unclear, he
did consult another author. In terms of the inclusion cri-
teria, the direction of a causal effect between a given
exposure and RRI cannot be directly ascertained when
using case–control and cross-sectional study designs.
Although a strength of such study designs is that they can
collect and analyze a multitude of exposures simultane-
ously, their inclusion in this review does mean that some
lower-quality evidence was included. Similarly, results
would have greater external validity if risk and protective
factors were identified for specific injury types so as to
avoid the over- and under-representation of certain expo-
sures [15]. However, summarizing the factors for a specific
injury is not currently possible because of the shortage of
original research. Equally, caution should be exercised
when making comparisons across studies given the use of
varying injury definitions and diverse population samples.
Regarding data extraction and their interpretation, the
diversity of the included articles meant it was not feasible
to obtain a common pooled estimate across similar studies
in which to perform a meta-analysis. Therefore, the inter-
pretation of association measures was based on whether or
not an exposure was statistically significant according to
the confidence interval. Clinical significance was consid-
ered where possible, but many studies simply did not report
measures of association when their results were not sta-
tistically significant. Regarding the methodological quality
assessment, if a given study did not disclose which expo-
sures were adjusted for in the analyses but stated that a
multivariable model was used, the corresponding item was
scored as positive. It might have been better to appraise a
given study according to whether or not the statistical
model accounted for important covariates to enhance the
interpretation of results.
5 Conclusions
This systematic review found that a history of previous
injury was associated with an increased risk of both general
and specific RRI. Determining precisely why and how
previous injury increases the risk of subsequent injury now
requires the use of existing epidemiological concepts such
as the SIC model to inform and guide the design of future
RRI investigations [97]. In terms of modifiable exposures,
irregular or absent menstruation, and never having used
OCs, were associated with an increased risk of stress
fracture development. More research should now investi-
gate how key exposures associated with the female athlete
triad interact and ultimately affect the risk of distance RRI.
The quality of the reviewed studies meant we were unable
to make any definitive conclusions about the other modi-
fiable and non-modifiable factors in terms of their rela-
tionship to RRI. Further studies of rigorous design and
conduct are needed to rule out the existence, or not, of such
effects.
Compliance with Ethical Standards
Funding Adam Hulme was supported in this research by Federation
University Australia via the ‘FedUni Postgraduate Research Schol-
arship’ scheme. Caroline Finch was supported by a National Health
and Medical Research Council (of Australia) Principal Research
Fellowship (ID: 1058737). No other/specific sources of funding were
used to assist in the preparation of this article.
Conflict of interest Adam Hulme, Rasmus Nielsen, Toomas Timpka,
Evert Verhagen, and Caroline Finch have no conflicts of interest
relevant to the content of this review.
Author information Adam Hulme undertook this work as part of his
PhD studies under the supervision of Caroline Finch. Caroline Finch
is the Director of the Australian Collaboration for Research into
Injury in Sport and its Prevention (ACRISP). ACRISP is one of nine
research centers worldwide to be selected by the International
Olympic Committee (IOC) as a member of the IOC Medical Research
Network.
References
1. Tonoli C, Cumps E, Aerts I, et al. Incidence, risk factors and
prevention of running related injuries in long-distance running: a
systematic review. Sport Geneeskunde. 2010;43(5):12–8.
2. Videbæk S, Bueno AM, Nielsen RO, et al. Incidence of running-
related injuries per 1000 h of running in different types of
runners: a systematic review and meta-analysis. Sports Med.
2015;45(7):1017–26.
Risk and Protective Factors for Distance Running Injury
123
3. Kluitenberg B, van Middelkoop M, Diercks R, et al. What are
the differences in injury proportions between different popula-
tions of runners? A systematic review and meta-analysis. Sports
Med. 2015;45(8):1143–61.
4. Hoeberigs JH. Factors related to the incidence of running inju-
ries: a review. Sports Med. 1992;13(6):408–22.
5. van Mechelen W. Running injuries: a review of the epidemio-
logical literature. Sports Med. 1992;14(5):320–35.
6. Johnston CA, Taunton JE, Lloyd-Smith DR, et al. Preventing
running injuries: practical approach for family doctors. Can Fam
Physician. 2003;49:1101–9.
7. Hreljac A. Impact and overuse injuries in runners. Med Sci
Sports Exerc. 2004;36(5):845–9.
8. Ryan MB, Maclean CL, Taunton JE. A review of anthropo-
metric biomechanical, neuromuscular, and training related fac-
tors associated with injury in runners. Int Sport Med J.
2006;7(2):120–37.
9. Fredericson M, Misra AK. Epidemiology and aetiology of
marathon running injuries. Sports Med. 2007;37(4–5):437–9.
10. Wen DY. Risk factors for overuse injuries in runners. Curr
Sports Med Rep. 2007;6(5):307–13.
11. van Gent RN, Siem D, van Middelkoop M, et al. Incidence and
determinants of lower extremity running injuries in long dis-
tance runners: a systematic review. Br J Sports Med.
2007;41(8):469–80.
12. Zadpoor AA, Nikooyan AA. The relationship between lower-
extremity stress fractures and the ground reaction force: a sys-
tematic review. Clin Biomech. 2011;26(1):23–8.
13. Nielsen RO, Buist I, Sørensen H, et al. Training errors and
running related injuries: a systematic review. Int J Sports Phys
Ther. 2012;7(1):58–74.
14. Newman P, Witchalls J, Waddington G, et al. Risk factors
associated with medial tibial stress syndrome in runners: a
systematic review and meta-analysis. Open Access J Sports
Med. 2013;4:229–41.
15. Saragiotto BT, Yamato TP, Hespanhol LC, et al. What are the
main risk factors for running related injuries? Sports Med.
2014;44(8):1153–63.
16. van der Worp MP, ten Haaf DS, van Cingel R, et al. Injuries in
runners; a systematic review on risk factors and sex differences.
PLoS One. 2015;10(2):e0114937. doi:10.1371/journal.pone.
0114937.
17. van der Worp H, Vrielink JW, Bredeweg SW. Do runners who
suffer injuries have higher vertical ground reaction forces than
those who remain injury-free? A systematic review and meta-
analysis. Br J Sports Med. 2016;50(8):450–7.
18. Cameron KL. Commentary: time for a paradigm shift in con-
ceptualizing risk factors in sports injury research. J Athl Train.
2010;45(1):58–60.
19. International Association of Athletics Federations (IAAF) 2015.
Available from: http://www.iaaf.org/records/toplists/sprints/
100-metres/outdoor/men/senior/2015. Accessed 1 June 2015.
20. Craun GF, Calderon RL. How to interpret epidemiological
associations. World Health Organisation. 2004. Available from:
http://www.who.int/water_sanitation_health/dwq/
nutrientschap9.pdf. Accessed 5 April 2016.
21. PEDro scale. Physiotherapy Evidence Database. 2015. Available
from: http://www.pedro.org.au/english/downloads/pedro-scale/.
Accessed 5 Jan 2016.
22. van Reijen R, Vriend I, Van Mechelen W, et al. Complicance
with sport injury prevention interventions in randomised con-
trolled trials: a systematic review. Sports Med.
2016;46(8):1125–39. doi:10.1007/s40279-016-0470-8.
23. Macera CA, Pate RR, Powell KE, et al. Predicting lower-ex-
tremity injuries among habitual runners. Arch Intern Med.
1989;149(11):2565–8.
24. Walter SD,HartLE,McIntosh JM, et al. TheOntario cohort studyof
running-related injuries. Arch Intern Med. 1989;149(11):2561–4.
25. Kelsey JL, Bachrach LK, Procter-Gray E, et al. Risk factors for
stress fractures among young female cross-country runners. Med
Sci Sports Exerc. 2007;39(9):1457–63.
26. Nielsen RO, Buist I, Parner ET, et al. Predictors of running-
related injuries among 930 novice runners: a 1-year prospective
follow-up study. Orthop J Sports Med. 2013;1(1):1–7.
27. Nielsen RO, Buist I, Parner ET, et al. Foot pronation is not
associated with increased injury risk in novice runners wearing a
neutral shoe: a 1-year prospective cohort study. Br J Sports Med.
2013. doi:10.1136/bjsports-2013-092202.
28. Nielsen RO, Parner ET, Nohr EA, et al. Excessive progression in
weekly running distance and risk of running-related injuries: an
association which varies according to type of injury. J Orthop
Sports Phys Ther. 2014;44(10):739–47.
29. Wen DY, Puffer JC, Schmalzried TP. Injuries in runners: a
prospective study of alignment. Clin J Sport Med.
1998;8(3):187–94.
30. van Middelkoop M, Kolkman J, van Ochten J, et al. Risk factors
for lower extremity injuries among male marathon runners.
Scand J Med Sci Sports. 2008;18(6):691–7.
31. Buist I, Bredeweg SW, Lemmink KAPM, et al. Predictors of
running-related injuries in novice runners enrolled in a sys-
tematic training program: a prospective cohort study. Am J
Sports Med. 2010;38(2):273–80.
32. Hirschmu¨ller A, Frey V, Konstantinidis L, et al. Prognostic
value of Achilles tendon doppler sonography in asymptomatic
runners. Med Sci Sports Exerc. 2012;44(2):199–205.
33. Bredeweg SW, Kluitenberg B, Bessem B, et al. Differences in
kinetic variables between injured and noninjured novice runners:
a prospective cohort study. J Sci Med Sport. 2013;16(3):205–10.
34. van Middelkoop M, Kolkman J, van Ochten J, et al. Course and
predicting factors of lower-extremity injuries after running a
marathon. Clin J Sport Med. 2007;17(1):25–30.
35. Hespanhol Junior LC, Pena Costa LO, Lopes AD. Previous
injuries and some training characteristics predict running-related
injuries in recreational runners: a prospective cohort study.
J Physiother. 2013;59(4):263–9.
36. Malisoux L, Ramesh J, Mann R, et al. Can parallel use of dif-
ferent running shoes decrease running-related injury risk? Scand
J Med Sci Sports. 2013;25(1):110–5.
37. Nielsen RO, Bertelsen ML, Parner ET, et al. Running more than
three kilometers during the first week of a running regimen may
be associated with increased risk of injury in obese novice
runners. J Orthop Sports Phys Ther. 2014;9(3):338–45.
38. Kluitenberg B, van der Worp H, Huisstede BM, et al. The
NLstart2run study: training-related factors associated with run-
ning-related injuries in novice runners. J Sci Med Sport.
2016;19(8):642–6. doi:10.1016/j.jsams.2015.09.006.
39. Bennett JE, Reinking MF, Rauh MJ. The relationship between
isotonic plantar flexor endurance, navicular drop, and exercise-
related leg pain in a cohort of collegiate cross-country runners.
Int J Sports Phys Ther. 2012;7(3):267–78.
40. Fields KB, Delaney M, Hinkle SJ. A prospective study of type A
behaviour and running injuries. J Fam Pract. 1990;30(4):425–9.
41. Buist I, Bredeweg SW, Bessem B, et al. Incidence and risk
factors of running-related injuries during preparation for a
4-mile recreational running event. Br J Sports Med.
2010;44(8):598–604.
42. Taunton JE, Ryan MB, Clement DB, et al. A prospective study
of running injuries: the Vancouver Sun Run ‘‘In Training’’
clinics. Br J Sports Med. 2003;37(3):239–44.
43. Satterthwaite P, Norton R, Larmer P, et al. Risk factors for
injuries and other health problems sustained in a marathon. Br J
Sports Med. 1999;33(1):22–6.
A. Hulme et al.
123
44. Reinking MF, Austin TM, Hayes AM. Exercise-related leg pain
in collegiate cross-country athletes: Extrinsic and intrinsic risk
factors. J Orthop Sports Phys Ther. 2007;37(11):270–8.
45. Thijs Y, Pattyn E, van Tiggelen D, et al. Is hip muscle weakness
a predisposing factor for patellofemoral pain in female novice
runners? A prospective study. Am J Sports Med.
2011;39(9):1877–82.
46. van Ginckel A, Thijs Y, Ghani Zadah Hesar N, et al. Intrinsic
gait-related risk factors for Achilles tendinopathy in novice
runners: a prospective study. Gait Posture. 2009;29(3):387–91.
47. Ghani Zadah Hesar N, van Ginckel A, Cools A, et al. A
prospective study on gait-related intrinsic risk factors for lower
leg overuse injuries. Br J Sports Med. 2009;43(13):1057–61.
48. Thijs Y, De Clercq D, Roosen P, et al. Gait-related intrinsic risk
factors for patellofemoral pain in novice recreational runners. Br
J Sports Med. 2008;42(6):466–71.
49. Hootman JM, Macera CA, Ainsworth BE, et al. Predictors of
lower extremity injury among recreationally active adults. Clin J
Sport Med. 2002;12(2):99–106.
50. Taunton JE, Ryan MB, Clement DB, et al. A retrospective case-
control analysis of 2002 running injuries. Br J Sports Med.
2002;36(2):95–101.
51. Warren BL, Davis V. Determining predictor variables for run-
ning-related pain. Phys Ther. 1988;68(5):647–51.
52. Myburgh KH, Hutchins J, Fataar AB, et al. Low bone density is
an etiologic factor for stress fractures in athletes. Ann Intern
Med. 1990;113(10):754–9.
53. Miller RH, Lowry JL, Meardon SA, et al. Lower extremity
mechanics of iliotibial band syndrome during an exhaustive run.
Gait Posture. 2007;26(3):407–13.
54. Fredericson M, Cookingham CL, Chaudhari AM, et al. Hip
abductor weakness in distance runners with iliotibial band
syndrome. Clin J Sport Med. 2000;10(3):169–75.
55. Henriksson BG, Schnell C, Hirschberg LA. Women endurance
runners with menstrual dysfunction have prolonged interruption
of training due to injury. Gynecol Obstet Invest.
2000;49(1):41–6.
56. Barrow GW, Saha S. Mentrual irregularity and stress fractures in
collegiate female distance runners. Am J Sports Med.
1988;16(3):209–16.
57. Ribeiro AP, Trombini-Souza F, Tessutti VD, et al. The effects of
plantar fasciitis and pain on plantar pressure distribution of
recreational runners. Clin Biomech. 2011;26(2):194–9.
58. Ribeiro AP, Trombini-Souza F, Tessutti VD, et al. Rearfoot
alignment and medial longitudinal arch configurations of run-
ners with symptoms and histories of plantar fasciitis. Clinics.
2011;66(6):1027–33.
59. Ekenman I, Hassme´n P, Koivula N, et al. Stress fractures of the
tibia: can personality traits help us detect the injury-prone ath-
lete? Scand J Med Sci Sports. 2001;11(2):87–95.
60. Messier SP, Pittala KA. Etiologic factors associated with
selected running injuries. Med Sci Sports Exerc.
1988;20(5):501–5.
61. Wen DY, Puffer JC, Schmalzried TP. Lower extremity align-
ment and risk of overuse injuries in runners. Med Sci Sports
Exerc. 1997;29(10):1291–8.
62. Parker DT, Weitzenberg TW, Amey AL, et al. Group training
programs and self-reported injury risk in female marathoners.
Clin J Sport Med. 2011;21(6):499–507.
63. Marti B, Vader JP, Minder CE, Abelin T. On the epidemiology
of running injuries. Am J Sports Med. 1988;16(3):285–94.
64. Marti B. Benefits and risks of running among women: An epi-
demiologic study. Int J Sports Med. 1988;9(2):92–8.
65. Rasmussen CH, Nielsen RO, Juul MS, et al. Weekly running
volume and risk of running-related injuries among marathon
runners. Int J Sports Phys Ther. 2013;8(2):111–20.
66. Lloyd T, Triantafyllou SJ, Baker ER, et al. Women athletes with
menstrual irregularity have increased musculoskeletal injuries.
Med Sci Sports Exerc. 1986;18(4):374–9.
67. McKean KA, Manson NA, Stanish WD. Musculoskeletal injury
in the Masters runners. Clin J Sport Med. 2006;16(2):149–54.
68. McKelvie SJ, Valliant PM, Marjatta E. Physical training and
personality factors as predictors of marathon time and training
injury. Percept Mot Skills. 1985;60(2):551–66.
69. Jacobs SJ, Berson BL. Injuries to runners: a study of entrants to
a 10,000 meter race. Am J Sports Med. 1986;14(2):151–5.
70. Gerlach KE, White SC, Burton HW, et al. Kinetic changes with
fatigue and relationship to injury in female runners. Med Sci
Sports Exerc. 2005;37(4):657–63.
71. Chang W, Shih Y, Chen W. Running injuries and associated
factors in participants of ING Taipei Marathon. Phys Ther Sport.
2012;13(3):170–4.
72. Haglund-A˚kerlind Y, Eriksson E. Range of motion, muscle
torque and training habits in runners with and without Achilles
tendon problems. Knee Surg Sports Traumatol Arthrosc.
1993;1(3–4):195–9.
73. Duffey MJ, Martin DF, Cannon W, et al. Etiologic factors
associated with anterior knee pain in distance runners. Med Sci
Sports Exerc. 2000;32(11):1825–32.
74. Bennell K, Crossley K, Jayarajan J, et al. Ground reaction forces
and bone parameters in females with tibial stress fracture. Med
Sci Sports Exerc. 2004;36(3):397–404.
75. Lopes AD, Costa LOP, Saragiotto BT, et al. Musculoskeletal
pain is prevalent among recreational runners who are about to
compete: an observational study of 1049 runners. J Physiother.
2011;57(3):179–82.
76. Valliant PM. Personality and injury in competitive runners.
Percept Mot Skills. 1981;53(1):251–3.
77. Messier SP, Edwards DG, Martin DF, et al. Etiology of iliotibial
band friction syndrome in distance runners. Med Sci Sports
Exerc. 1995;27(7):951–60.
78. Niemuth PE, Johnson RJ, Myers MJ, et al. Hip muscle weakness
and overuse injuries in recreational runners. Clin J Sport Med.
2005;15(1):14–21.
79. Marti B, Rehmann R. Determinants of physician visit rates
among joggers: multivariate analysis of 4000 participants in a
popular race. Soz Praventivmed. 1987;32(4–5):204–6.
80. Grimston SK, Engsberg JR, Kloiber R, et al. Bone mass,
external loads, and stress fracture in female runners. J Appl
Biomech. 1991;7(3):293–302.
81. Messier SP, Davis SE, Curl WW, et al. Etiologic factors asso-
ciated with patellofemoral pain in runners. Med Sci Sports
Exerc. 1991;23(9):1008–15.
82. Reinking MF, Hayes AM. Intrinsic factors associated with
exercise-related leg pain in collegiate cross-country runners.
Clin J Sport Med. 2006;16(1):10–4.
83. McQuade KJ. A case-control study of running injuries: com-
parison of patterns of runners with and without running injuries.
J Orthop Sports Phys Ther. 1986;8(2):81–4.
84. McCrory JL, Martin DF, Lowry RB, et al. Etiologic factors
associated with Achilles tendinitis in runners. Med Sci Sports
Exerc. 1999;31(10):1374–81.
85. Knobloch K, Yoon U, Vogt PM. Acute and overuse injuries
correlated to hours of training in master running athletes. Foot
Ankle Int. 2008;29(7):671–6.
86. Caselli MA, Longobardi SJ. Lower extremity injuries at the New
York City marathon. J Am Podiatr Med Assoc.
1997;87(1):34–7.
87. Fonsesca M, Palma A, Araujo C, et al. Association of different
factors with the prevalence of injuries in runners of Rio de
Janeiro’s half marathon. J Exerc Physiol Online.
2015;18(2):58–65.
Risk and Protective Factors for Distance Running Injury
123
88. Theisen D, Malisoux L, Genin J, et al. Influence of midsole
hardness of standard cushioned shoes on running-related injury
risk. Br J Sports Med. 2013;48(5):371–6.
89. Cobb KL, Bachrach LK, Sowers M, et al. The effects of oral
contraceptives on bone mass and stress fractures in female
runners. Med Sci Sports Exerc. 2007;39(9):1464–73.
90. Buist I, Bredeweg SW, van Mechelen W, et al. No effect of a
graded training program on the number of running-related
injuries in novice runners. Am J Sports Med. 2008;36(1):33–9.
91. Bredeweg SW, Zijlstra S, Bessem B, et al. The effectiveness of a
preconditioning programme on preventing running-related
injuries in novice runners: a randomised controlled trial. Br J
Sports Med. 2012;46(12):865–70.
92. Ryan M, Elashi M, Newsham-West R, et al. Examining injury
risk and pain perception in runners using minimalist footwear.
Br J Sports Med. 2014;48:1257–62.
93. Ryan MB, Valiant GA, McDonald K, et al. The effect of three
different levels of footwear stability on pain outcomes in women
runners: a randomised control trial. Br J Sports Med.
2010;45(9):715–21.
94. van Mechelen W, Hlobil H, Kemper HCG, et al. Prevention of
running injuries by warm-up, cool-down, and stretching exer-
cises. Am J Sports Med. 1993;21(5):711–9.
95. Jakobsen BW, Krøner K, Schmidt A, et al. Prevention of injuries
in long-distance runners. Knee Surg Sports Traumatol Arthrosc.
1994;2(4):245–9.
96. Yamato TP, Saragiotto BT, Lopes AD. A consensus definition of
running-related injury in recreational runners: a modified Delphi
approach. J Orthop Sports Phys Ther. 2015;45(5):375–80.
97. Finch CF, Cook J. Categorising sports injuries in epidemiolog-
ical studies: the subsequent injury categorisation (SIC) model to
address multiple, recurrent and exacerbation of injuries. Br J
Sports Med. 2013;48(17):1276–80.
98. Hreljac A, Marshall RN, Hume PA. Evaluation of lower
extremity overuse injury potential in runners. Med Sci Sports
Exerc. 2000;32(9):1635–41.
99. Malisoux L, Nielsen RO, Urhausen A, et al. A step towards
understanding the mechanisms of running-related injuries. J Sci
Med Sport. 2014;18(5):523–8.
100. Buist I, Bredweg SW, Lemmink KAMP, et al. The GRO-
NORUN study: is a graded training program for novice runners
effective in preventing running related injuries? Design of a
randomized controlled trial. BMC Musculoskelet Disord.
2007;8(24):1–8.
101. Nielsen RO, Malisoux L, Møller M, et al. Shedding light on the
etiology of sports injuries: a look behind the scenes of time-to-
event analyses. J Orthop Sports Phys Ther. 2016;46(4):300–11.
102. Drew M, Finch CF. The relationship between training load and
injury, illness and soreness: a systematic and literature review.
Sports Med. 2016;46(6):861–83. doi:10.1007/s40279-015-0459-8.
103. Barrack MT, Ackerman KE, Gibbs JC. Update on the female
athlete triad. Curr Rev Musculoskelet Med. 2013;6(2):195–204.
104. Cobb KL, Bachrach LK, Greendale G, et al. Disordered eating,
menstrual irregularity, and bone mineral density in female
runners. Med Sci Sports Exerc. 2003;35(5):711–9.
105. Saragiotto BT, Yomato TP, Lopes AD. What do recreational
runners think about risk factors for running injuries? A
descriptive study of their beliefs and opinions. J Orthop Sports
Phys Ther. 2014;44(10):733–8.
106. Hulme A, Finch CF. The epistemic basis of distance running
injury research: a historical perspective. J Sport Health Sci.
2016;5(2):172–5.
A. Hulme et al.
123
35 
 
2.5 SUMMARY 
It was important to conduct the systematic review presented in Chapter Two for a few reasons.  Firstly, 
from both a standpoint of clinical and statistical significance, it was valuable to gain knowledge about 
which exposures were consistently associated with RRI development.  Preventing RRI cannot occur until 
questions pertaining to its causality are formally addressed.  Secondly, Chapter Two provided insight into 
the state and standard of the methodological quality associated with a considerable number of empirical 
investigations of varied type and design.  This involved, for example, evaluating the validity of the 
produced evidence in accordance with the way in which data had been analysed.  Only then could results 
and conclusions associated with independent studies be interpreted without bias.  Thirdly, the wide scope 
of articles included in this systematic review permitted appreciation for not only the quantity and quality 
of research, but also for how this body of literature has grown and developed over time. 
Taken overall, the results associated with Chapter Two suggested that much causal research had been 
conducted, and yet few definitive conclusions about RRI aetiology can be made.  Despite decades of 
research into the aetiology of RRI, we still do not fully understand the role of causal and contributory 
factors underpinning its development.  Therefore, the next step in this PhD thesis will closely examine the 
theoretical basis of RRI causality, with specific regard for how certain exposures dynamically and 
recursively interact in aetiologic mechanisms. 
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3.0 A CAUSAL SCHEMATIC OF RUNNING INJURY DEVELOPMENT 
Bertelsen, M.L, Hulme, A, Petersen, J, Korsgaard Brund, R, Sørensen, H, Finch, C.F, Parner, E.T, 
Nielsen, R.O. 2017. A framework for the etiology of running-related injuries. Scandinavian Journal 
of Medicine & Science in Sports; doi: 10.1111/sms.12883 
3.1 STUDY QUESTION 
What would a theoretical causal schematic visualising RRI aetiology at the level of the individual runner 
look like? 
3.2 STUDY AIMS 
• Develop a theoretical causal schematic of RRI development at the individual component-cause level 
• Based on the causal schematic, provide recommendations to benefit the benefit of future 
epidemiological and scientific studies 
3.3 OVERVIEW 
In response to the difficulties in identifying and explaining the cause of RRI in Chapter Two, the work 
presented in this chapter involves the creation of a theoretical causal schematic aimed at the individual 
level of the runner.  It emphasises that wanting to routinely isolate the causal effect associated with 
biologic and behavioural exposures is not necessarily the most optimal way of addressing causal 
questions in this research context.  Rather, the argued alternative involves gaining perspective about the 
nature of the relationship between certain RRI exposures, including how they dynamically and recursively 
interact.  From there it is possible to introduce and visualise four mutually inclusive elements that 
together, form the overall causal schematic of RRI development: (i) structure-specific cumulative load per 
running session (which is a product of load distribution and load magnitude); (ii) structure-specific load 
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capacity when entering a running session; (iii) reduction in the structure-specific load capacity during a 
running session; and, (iv) exceeding the structure-specific load capacity. 
The implications associated with the causal schematic are: (i) how it informs the generation of causal 
research questions and hypotheses in future studies; (ii) how it helps us to better understand what a 
‘sudden change’ to running participation is, including how it could be measured and quantified in field-
based studies; and, (iii) how the above points can then be factored into the way traditional statistical 
analyses can (or should) be performed.  Chapter Three was accepted for publication in the international 
peer-review literature by Scandinavian Journal of Medicine and Science in Sports on 17 March 2017, and 
was published (online first) on 20 April 2017. 
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The etiology of running- related injury is important to consider as the effectiveness of 
a given running- related injury prevention intervention is dependent on whether etio-
logic factors are readily modifiable and consistent with a biologically plausible 
causal mechanism. Therefore, the purpose of the present article was to present an 
evidence- informed conceptual framework outlining the multifactorial nature of 
running- related injury etiology. In the framework, four mutually exclusive parts are 
presented: (a) Structure- specific capacity when entering a running session; (b) 
structure- specific cumulative load per running session; (c) reduction in the structure- 
specific capacity during a running session; and (d) exceeding the structure- specific 
capacity. The framework can then be used to inform the design of future running- 
related injury prevention studies, including the formation of research questions and 
hypotheses, as well as the monitoring of participation- related and non- participation- 
related exposures. In addition, future research applications should focus on address-
ing how changes in one or more exposures influence the risk of running- related 
injury. This necessitates the investigation of how different factors affect the structure- 
specific load and/or the load capacity, and the dose- response relationship between 
running participation and injury risk. Ultimately, this direction allows researchers to 
move beyond traditional risk factor identification to produce research findings that 
are not only reliably reported in terms of the observed cause- effect association, but 
also translatable in practice.
K E Y W O R D S
biomechanics, injury prevention, sports injury
1 |  INTRODUCTION
Running is performed by many able- bodied individuals 
worldwide and is highly effective at promoting a range of 
health- related benefits.1 Notwithstanding the plethora of 
health- related benefits that distance running offers to its ad-
herents, musculoskeletal injury is a major barrier to contin-
ued participation.2-4
A recent meta- analysis has highlighted that, depending on 
the type of runner, injury definition, and length of follow- up, 
the reported running- related injury incidence rate ranges 
from 2.5 to 33.0 injuries per 1000 hours of running.4 Owing 
to the potentially high risk of sustaining injury and its con-
sequences on time- to- recovery and socioeconomic costs,1,3-6 
running- related injury arguably characterizes an important 
public health issue. For this reason, injury prevention research 
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approaches and strategies should be prioritized. However, 
in order to directly reduce the risk of injury at the popula-
tion level, it is important to firstly gain understanding about 
causal factors and mechanisms of its etiology.7
The nature of running- related injury is known to have 
a complex multifactorial origin.8,9 Considerable research 
efforts have been made on behalf of the sports medicine 
research community to shed light on its etiology. According 
to a recent systematic review, in excess of 70 studies 
have examined non- biomechanical, modifiable and non- 
modifiable, middle- and long- distance running- related in-
jury risk and protective factors.10 Across these studies, risk 
factors for running- related injury have represented a range 
of exposures, from footwear properties, training- related pa-
rameters, anthropometric characteristics, and demographic 
indications.10 The identification of risk factors for injury can 
help to detect certain runners who might be at an increased 
or decreased risk of developing injury.11 Irrespective of sta-
tistical significance, however, not every exposure will be 
causally related to running- related injury.12 In other words, 
potentially effective injury prevention intervention strate-
gies will have a better chance of working if the identified 
etiologic factors are readily modifiable and consistent with 
a biologically plausible mechanism.7 In a recent consensus- 
based statement on training load in sport,13 the important 
role of training errors in relation to injury development 
was promoted, as all sports- related injuries occur as a di-
rect result of participating in a given training regimen. As 
with other sports,14 training errors have also been acknowl-
edged as a major contributor to overuse injury in distance 
runners.9,15
Even though the evidence about risk factors as generated 
via traditional epidemiological inquiry is useful, knowledge 
about how to reduce running- related injury risk has to be 
used in a practical way by runners and/or their immediate 
supporting staff (eg, coaches and healthcare professionals). 
Accordingly, the design and analyses associated with a given 
running- related injury study has to produce research findings 
that are not only reliably reported in terms of the observed 
cause- effect association, but also translatable under a real- 
world scenario. For instance, a study found that runners with 
a body mass index (BMI) of ≥26 kg/m2 had a reduced risk of 
sustaining a running- related injury when compared to run-
ners with a lower BMI.16 In the absence of a training load 
exposure in the analyses, it would be misleading to interpret 
this finding as “runners with a BMI ≥ 26 kg/m2 can partici-
pate in running to a greater extent than their peers who have 
a lower BMI.” Contrastingly, in a study by Nielsen et al.,17 
stratified analyses were used to investigate if runners with 
a higher BMI were able to tolerate less running than those 
with a lower BMI. The results from that study revealed BMI 
to modify the association between running distance and in-
jury in the sense that those with a higher BMI were more 
susceptible to injury than those with a lower BMI if they ran 
a similar distance.17
Unfortunately, only very few studies in the past 
40 years have examined the role of effect- measure modi-
fication on injury risk as it relates to the association be-
tween a participation- related exposure and running- related 
injury.10 This problem was recently addressed in the 
International Olympic Committee (IOC) consensus state-
ments on load in sports and risk of injury.13 The IOC state-
ment recommended that, where feasible, future research 
should investigate the dose- response relationship between 
a participation- related variable and injury risk through 
large- scale prospective cohort study designs. In addition, 
particular focus should be directed toward the potential in-
teractions with, and relative contributions from, other risk 
factors.13 Therefore, in the distance running- related injury 
prevention research context, researchers should consider 
how much running is “too much,” as well as how factors 
such as BMI, footwear, sex, and surface and terrain, influ-
ence the dose- response relationship between running par-
ticipation and injury risk.
To facilitate this research direction, a framework for the 
complex, multifactorial etiology of running injuries will as-
sist in the future hypothesis making and study design. Such a 
framework can then be used to facilitate data analyses through 
better understanding the role of confounders, mediators, and/
or effect- measure modifiers.12,18,19 From there, the proposed 
framework can assist with the identification of whether a 
given exposure of interest is time- fixed or time- dependent (ie, 
changes status over time), and if it is modifiable.20 Therefore, 
the purpose of the present article was to present an evidence- 
informed conceptual framework outlining the multifactorial 
nature of running- related injury etiology.
2 |  A FRAMEWORK FOR THE 
ETIOLOGY OF RUNNING INJURIES
In the sports science context, several authors have empha-
sized the importance of looking beyond the immediate set 
of risk factors and deeper into the complex nature of cau-
sation.12,21-23 While visualizing causal frameworks has been 
used in a number of studies on sports injury in general,23-25 
sports- specific frameworks are now needed. In the running- 
related injury thematic, a simple model has been presented.9 
Accordingly, more work is needed to modify and further 
develop this model. In Figure 1, a conceptual framework of 
running- related injury development is presented with the use 
of four parts: (Part A) Structure- specific capacity when enter-
ing a running session; (Part B) structure- specific cumulative 
load per running session; (Part C) reduction in the structure- 
specific capacity during a running session; and (Part D) ex-
ceeding the structure- specific capacity.
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2.1 | Part A: Structure- specific load 
capacity when entering a running session
The structure- specific load capacity can be defined as the 
musculoskeletal system’s ability to withstand load without 
sustaining injury.8 As all musculoskeletal structures in the 
human body adapt positively or negatively to applied load 
over time,26,27 each runner will commence a given running 
session with a unique load capacity for each bodily struc-
ture.28 This adaptation can be influenced by factors such as 
time between sessions or competition,13,29 running experi-
ence, previous injury, history of menstrual patterns, diet, 
sleep,30 use of oral contraceptives, participation in other 
sporting activities, sex,31 and age.32 These factors comprise 
only a limited number of known risk factors that might affect 
the structure- specific load capacity.
2.2 | Part B: Structure- specific cumulative 
load per running session
Seminal work which conceptualized the cyclical nature of 
risk and causation in the sports injury context reported, “ex-
posure is a combination of both possessing a risk factor and 
then participating (to a greater or lesser degree) with the risk 
factor”.23 Based on this, it can be contended that injury de-
velopment in runners requires understanding of how the risk 
of injury changes depending on the dose of running partici-
pation. Therefore, the quantification of running participation 
is needed to move from risk factor identification alone to-
ward a better understanding of the nature of running- related 
injury development. However, methodological and practical 
considerations on what precisely constitutes “running par-
ticipation,” and how it differs from structure- specific load, is 
F I G U R E  1  A conceptual framework for the causal mechanism underpinning running- related injury within one single running session. Box 
A represents the structure- specific capacity just before the first stride of a running session. The equation presented in box B, to calculate structure 
specific cumulative load per session, is adapted of Petersen et al.67 using the more generic “load” instead of the biomechanically more specific 
“stress” (force/area) originally used. Box C represents the reduction in structure- specific capacity caused by the structure- specific cumulative load 
in box A. Some examples of possible influencing factors are provided within the parentheses
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currently required to move beyond the traditional approach 
of simply identifying statistically significant risk factors.10
Repetition count has recently been promoted as import-
ant when monitoring sports participation in relation to injury 
risk.13 In a running context, repetition count is best expressed 
as the number of gait cycles (strides).33 The stride begins 
when one foot contacts the ground and ends when that same 
foot contacts the ground again.33 In the present study, run-
ning participation is defined as the number of strides taken 
during a running session. As will soon be discussed, the num-
ber of strides per running session is theoretically superior as 
an alternative to running distance and time- spent running. 
Similarly, it is equally important to distinguish running par-
ticipation (ie, number of strides) from the load applied to the 
specific musculoskeletal structures in the body. To predict 
the latter, quantification of stride- wise load magnitude and 
load distribution is needed.34-38
In a distance running context, structure- specific cumula-
tive load can be viewed as the sum of stride- specific loads 
that a certain musculoskeletal structure is exposed to during a 
single running session.39 Estimation of the structure- specific 
cumulative load per running session involves stride- wise 
quantification of: (a) the load distribution per stride; and (b) 
the load magnitude per stride.
2.2.1 | Load distribution per stride
The term “load distribution” refers to how the load per stride 
is distributed across individual anatomical structures (eg, 
joint surfaces, muscles, and ligaments). Using a few exam-
ples, load distribution is affected by (a) Changing running 
shoes, as the load may be distributed differently across lower 
extremities,36,37,40-48 (b) applying a different running tech-
nique, as differences in kinematic and kinetic characteristics 
between foot- strike patterns were found during running.49 
Other technique modifications influencing running kinemat-
ics and/or kinetics involve trunk posture,50 step rate,39,51,52 
the pose- method and chi- running,53-55 and step length56; (c) 
change in terrain, as uphill and downhill running will change 
certain kinematics and hence load distribution depending on 
the nature of the terrain57; (d) changing between overground 
and treadmill, as loads are distributed differently in the two 
settings,38 (e) changing surface, as surface hardness may in-
fluence the interplay of load distribution to the lower extrem-
ity by changing the lower leg kinematics and kinetics during 
running58-61; and (f) bone morphology and physiology, as the 
form and structure and special structural features of the leg 
impacts how the load is distributed.62-65
2.2.2 | Load magnitude per stride
The term “load magnitude” refers to the size of the load per 
stride applied to the body while engaged in running. During 
stance phase, the load magnitude will predominantly be de-
termined by the ground reaction force and muscle forces con-
tributing to joint compression forces and strain on tendons 
and muscles.33 Alternatively, during swing phase, the load 
magnitude will predominantly be determined by kinematic 
properties such as hip flexor range of motion.33 Thus, the 
magnitude of the stride- specific load during stance and swing 
phase is influenced by factors, including but not limited to, 
body weight and terrain, running speed,35,66-68 and vertical 
oscillation.69-71
2.3 | Part C: Reduction in the structure- 
specific load capacity during a running session
The proposed framework indicates that the structure- specific 
load capacity gradually decreases in response to repetitive 
loading associated with multiple strides and no restitution pe-
riod (Figure 2A).8,13,29 The extent to which this capacity de-
creases after each stride is dependent on the magnitude of the 
load applied in each stride, and the structures sensitivity to 
that load.26,35 Therefore, if the structure- specific cumulative 
load of a running session can be successfully estimated, the 
next task is to relate it to the reduction in the structure- specific 
load capacity in different runners cumulating the load in vari-
ous ways (eg, few strides with high load vs many strides with 
low load).26,69,72 The reduction in load capacity, particularly in 
combination with psychological non- sport stressors and inter- 
and intra- individual variation, will determine whether malad-
aptation is triggered at a given time frame for recovery.13
2.4 | Part D: Exceeding the structure- 
specific load capacity
The relationship between load and load capacity has been 
suggested to play an important role in injury develop-
ment,8,13,73 and the inciting event for running- related injury 
occurs when the structure- specific cumulative load exceeds 
the capacity of that structure.8 Injury may occur within one 
session, or over multiple running sessions given insufficient 
recovery between running sessions. This will contribute to 
the gradual reduction in the load capacity of certain struc-
tures (Figure 2A).29,74 However, in the specific injurious run-
ning session, injury is the result of multiple load repetitions 
(strides) that have gradually decreased the structure- specific 
load capacity to a level where eventually, it has been sur-
passed (Figure 2B). The severity of a given injury depends on 
the degree to which the structure- specific load capacity has 
been exceeded. Soligard et al.13 described the relationship 
between load and health as a well- being continuum progress-
ing from homeostasis, acute fatigue, functional and non- 
functional over- reaching, overtraining syndrome, subclinical 
tissue damage, clinical symptoms, time- loss injury or illness, 
and ultimately death.
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In summary, the number of strides a runner is able to com-
plete without exceeding the load capacity of a specific struc-
ture in a running session is dependent on the following: (a) 
the structure- specific load capacity when entering the run-
ning session; (b) the amount of load applied to the structure 
in each stride (magnitude and distribution); and (c) the struc-
ture’s sensitivity to that load (reduction in load capacity).
3 |  IMPLICATIONS OF THE  
FRAMEWORK
The concepts of combining participation- related and non- 
participation- related risk factors for running- related in-
jury development have been addressed by Malisoux et al.9 
However, the distinction between participation and cumula-
tive structure- specific load, as described in the present frame-
work, has received little attention in the context of running. 
This distinction has important considerations for hypothesis- 
making, data analysis, and data collection procedures.
3.1 | Implications for hypothesis- making  
and research question
The proposed framework illustrates that if participation 
in running is omitted from an analyses, subgroups of run-
ners at a decreased or increased risk of injury can be identi-
fied, whereas researchers’ ability to investigate the etiology 
behind injury occurrence is restricted. Rather than iden-
tifying discrete individual- level risk factors in isolation, 
it is important to consider how participation- related and 
non- participation- related variables interact in a dynamic and 
recursive manner.11,21 For example, a research hypothesis 
such as “runners sustain a running- related injury because 
they had a certain characteristic” requires appropriate refor-
mulation because the effect of a given variable; whether it is 
affecting the load per stride or the load capacity also depends 
on the level of participation. For instance, a running- related 
injury is not sustained because of footwear type, a high or 
low BMI, or poor running technique.9 Rather, running inju-
ries are sustained when runners increase their participation 
to the point where an interaction with an existing risk fac-
tor becomes significant enough to cause injury. Causal rela-
tionships are thus better examined by including the level of 
participation as the exposure to injury. A more appropriate 
hypothesis is “We hypothesise the injury occurred as a re-
sult of the runner possessing multiple risk factors and then 
participating in running under certain circumstances to a de-
gree where the structure′s load capacity was exceeded.” If 
the combined nature of the exposure and other factors is to 
be examined, then researchers must rephrase their research 
question. The common risk factor approach “Are runners 
with a specific variable at an increased risk of running- related 
injury?” is not appropriate if we seek to move beyond pre-
diction and toward causation and intervention. A more ap-
propriate research question would be “How much running 
participation can runners with a specific variable tolerate, 
compared to runners not having that variable?”
Reformulating traditional hypotheses to instead account 
for alternative participatory exposures will have implications 
for methodologies and analyses. Runners might be allocated 
to different conditions based on participatory criteria, and 
F I G U R E  2  Running- related injury 
development over multiple or during 
a single running session. In graph A, 
an example is provided where a runner 
participates in multiple more or less similar 
running sessions with almost constant 
cumulative load but insufficient recovery 
between sessions; RRI occurs mainly as 
a result of the structures capacity being 
gradually reduced over time. In graph B, an 
example is provided where the structures 
capacity, following multiple strides during a 
running session, is reduced to a level where 
it is exceeded by a load application. This 
causes the runner to sustain a running injury 
during that specific running session
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further stratified according to training- related experience 
or other variables under investigation.17 As such, analyses 
require insight into the differences between confounders, 
effect- measure modifiers, and mediating variables.12,18
3.2 | Implictions for data analysis
If overuse running- related injuries occur as a consequence of 
“running too much, too soon” as suggested by others,15,75-79 
the role of exposures and their changes in status over time 
requires further attention from running injury researchers.20 
Much attention in the broader field of sports science has, as 
of late, also shifted in this same direction.13 According to the 
framework presented in this article, we recommend research-
ers, and healthcare professionals to consider whether change 
prior to running- related injury development has occurred 
within one or more of the following four categories: (a) 
change in the amount of participation (ie, running more than 
usual) and/or (b) change in the load distribution; (c) change 
in the magnitude of the load; and (d) change in the load ca-
pacity (ie, participating the same but with circumstances that 
changed).
3.2.1 | Change in the amount of running 
participation
Researchers conducting large- scale epidemiological studies 
have the opportunity to quantify changes in running partici-
pation. Recently, emphasis has shifted toward calculating 
sudden changes via the acute:chronic workload ratio.25,80-82 
Importantly, such workload ratio does not, although termi-
nologically related, respond to changes in the cumulative 
structure- specific load as described in the present framework. 
Instead, the workload ratio corresponds to changes in run-
ning participation. Although new research endeavors may 
include sudden changes in running participation, the defi-
nition of “sudden change” requires clarification and further 
discussion. Definition of sudden changes in participation has 
included differences between a 4- week- based acute:chronic 
workload ratio, which is commonly used in other sports 
than running,81-84 and the week- to- week change which has 
been applied to running- related injury data.85-87 The ques-
tion remains whether data on sports participation and sudden 
changes should be viewed as rolling averages or as non- linear 
relationships.88-90
3.2.2 | Change in the load distribution
Running too much following a change in distribution of load 
across individual anatomical structures, for example, joint 
surfaces, muscles and ligaments, may, as visualized by the 
model, increases injury risk because the structure- specific 
cumulative load of a running session is dependent on the 
load distribution. For instance, running too much in a new 
shoe,42,44,91,92 or transitioning to a new running technique, 
may increase the cumulative load in a specific structure to 
a level which does not allow for adaptive tissue repair be-
tween running sessions, thus increasing the risk of injury.54 
Importantly, the increase in risk following change in distribu-
tion could be neglected if the amount of running participa-
tion is reduced accordingly until the tissue is accustomed to 
the new load. In the case of a researcher wanting to exam-
ine whether a change in load distribution increases the risk 
of running- related injury, quantification of running partici-
pation and variables like changes in running style, running 
shoes, and surface, is necessary.
3.2.3 | Change in the magnitude of load 
per stride
Injury may occur if the magnitude of the load per stride is 
suddenly increased to a level where the structure- specific cu-
mulative load of a running session overwhelms the ability for 
adaptive tissue repair. For instance, increasing running speed 
will increase the magnitude of the load per stride, and if the 
increase in speed is excessive and unfamiliar to the runner, an 
injury might occur.93 The same line of reasoning can be ap-
plied to a gradual change in body weight or a sudden change 
in running surfaces and terrain.94 Examination of the role of 
a sudden change in the magnitude of load on running- related 
injury development requires, for instance, the quantification 
of running participation and changes in body weight, running 
speed, and terrain.
3.2.4 | Change in load capacity
Naturally, other sports activities and activities of daily living 
change the structures capabilities to withstand load during run-
ning, for better or worse, over time. Running- related injury may, 
therefore, occur if runners run too much with a reduced load ca-
pacity following other types of activities.69,71 Unfortunately, at 
the present time, load capacity is nearly impossible to quantify. 
Indirect markers of overtraining, such as elevated heart rate at 
rest or live blood analysis (eg, hormone analysis or biochemi-
cal analysis), might be quantifiable.95-97 However, no current 
methods directly address tissue- specific load capacity. In large- 
scale epidemiological studies, quantification of between- session 
changes in activity level, sleep, diet, and illness is necessary to 
identify the influence of changes in load capacity on the associa-
tion between running participation and injury risk.
3.2.5 | Applying statistics to analyze changes
To examine the role of change (in one or more of the four lev-
els above) on running- related injury development, research-
ers should be encouraged to understand advanced statistical 
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models, such as those based on time- to- event, as inclusion 
of variables that change status over time is a necessary step 
in the analytical approach.20,98,99 Unfortunately, studies in-
vestigating the association between time- varying exposures 
and outcomes are rare in sport- injury research.20,24,87 Lack of 
interdisciplinary collaborations between researchers with dif-
ferent competencies may be the reason for the limited num-
ber of studies dealing with changes. This calls for a stronger 
collaboration between researchers with, for example, epide-
miological, statistical, or biomechanical backgrounds.
3.3 | Implications for data collection  
procedures
The framework enables researchers within the running injury 
thematic to carefully consider when and why to collect con-
tinuous data on exposures related to running- related injury. 
Here, quantification of running participation is of particular 
importance.
3.3.1 | Quantifying running participation in 
epidemiological studies
To outline the mechanisms leading to injury, number of 
strides was used as a measure of running participation. 
Measurement of strides in epidemiological studies examin-
ing the etiology behind running- related injuries should be 
considered for the following reasons: (a) It takes into account 
repetition count13,33; and (b) each stride defines the load and 
load distribution and the vast majority of the load is distrib-
uted during stance.100 Based on this, we recommend future 
data collections within the running- related injury thematic to 
include quantification of strides. However, researchers con-
ducting epidemiological studies have the opportunity to, at 
least, measure three types of participation- related variables: 
(a) time exposed to running, (b) running distance (eg, kilom-
eters run per session or week), and/or (c) number of strides. If 
it is not possible to quantify number of strides in prospective 
studies on runners, then running distance and/or time exposed 
to running are still feasible alternatives and should be used.9
In situations where traditional participation- related vari-
ables have to be used, researchers should strive to collect 
objective data, particularly when it has been shown runners 
are unable to validly self- report running distance.101 For de-
cades, wearable technologies such as sports watches and fit-
ness trackers have allowed runners to quantify time exposed 
to running. The recent development of these commercially 
available devices,102,103 including insoles,104 pedometers105 
and accelerometers,106,107 as well as electronic health plat-
forms,108 now afford research teams the possibility of using 
new ways to collect data. This potentially opens up a new era 
of data collection and data analyses possibilities, especially 
given that no large- scale field- based epidemiological studies 
have yet examined the association between number of strides 
during running, as a measure of running participation, and 
the risk of developing running- related injury.
3.3.2 | Future data collection challenges
Quantification of sudden changes in structure- specific cu-
mulative load is appealing but presents a number of chal-
lenges from a biomechanical perspective. Firstly, quantifying 
structure- specific load per stride is complex, but can be 
achieved with contemporary laboratory- based methods and 
computer modeling.34,66 Such approaches allow for approxi-
mation of forces applied to individual anatomical structures. 
However, the calculation of stress (ie, force/area, which is 
the load- variable most closely related to tissue damage) per 
stride, also requires knowledge of the areas over which the 
forces are applied (eg, contact areas between joint surfaces 
subjected to compression “bone- on- bone” forces or cross 
sectional areas of muscles, tendons and ligaments subjected 
to traction forces). Valid biomechanical measures of these 
areas are hard to obtain, not least because they vary consider-
ably during the step cycle. Moreover, methods for estimat-
ing forces applied to individual structures all involve some 
form of mathematical optimization, which requires fairly 
speculative assumptions about how the central nervous sys-
tem coordinates activation of individual muscles.100,109,110 
Despite these limitations, the model proposed in the present 
article is appealing given that it provides a conceptual frame-
work that, if used in practice, would lead to more accurate 
quantification of running exposure compared with tradi-
tional measures. This makes sudden changes in cumulative 
structure- specific load an interesting area of study because it 
permits an in- depth examination of the association between 
changes in training- related variables (eg, pace, distance, sur-
face, and technique) and runner characteristics (eg, equip-
ment usage, weight) in relation to injury development in 
specific structures. Stride- specific loads vary from stride to 
stride. Therefore, information on a stride- wise level must be 
added to calculate an estimate of the structure- specific cumu-
lative load per running session. Such data may be gathered 
in biomechanical laboratories. Still, the future challenge is 
to be able to calculate approximate values of these structure- 
specific loads from field- based data.
4 |  PERSPECTIVES
Running- related injury occurs from a combination of the run-
ner possessing multiple risk factors and then participating in 
running under certain circumstances to a degree where the 
structure′s load capacity is exceeded. The number of strides, 
magnitude of load, distribution of load, and load capacity 
are all necessary ingredients for understanding the cause of 
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running- related injury. Based on the proposed framework, 
we recommend future running- related injury research to 
carefully consider its research question, hypotheses, and 
the adopted statistical approach, to ensure that advances can 
be made in understanding how and why running- related in-
jury occurs. Knowledge on how factors influence the dose- 
response relationship between running participation and 
injury will bring significant advances toward understanding 
the etiology of running- related injury.
ACKNOWLEDGEMENTS
Ellen Aagaard Nøhr, University of Southern Denmark, for 
providing valuable comments in the initial part of the devel-
opment of the framework.
REFERENCES
 1. Hespanhol Junior LC, Pillay JD, van Mechelen W, Verhagen 
E. Meta- analyses of the effects of habitual running on in-
dices of health in physically inactive adults. Sports Med. 
2015a;45:1455‐1468.
 2. Koplan JP, Rothenberg RB, Jones EL. The natural history of ex-
ercise: a 10- yr follow- up of a cohort of runners. Med Sci Sports 
Exerc. 1995;27:1180‐1184.
 3. Nielsen RO, Ronnow L, Rasmussen S, Lind M. A prospective 
study on time to recovery in 254 injured novice runners. PLoS 
One. 2014c;9:e99877.
 4. Videbaek S, Bueno AM, Nielsen RO, Rasmussen S. Incidence 
of running- related injuries per 1000  h of running in different 
types of runners: a systematic review and meta- analysis. Sports 
Med. 2015;45:1017‐1026.
 5. Hespanhol Junior LC, van Mechelen W, Postuma E, Verhagen 
E. Health and economic burden of running- related injuries in 
runners training for an event: a prospective cohort study. Scand 
J Med Sci Sports. 2016;26:1091‐1099.
 6. Smits DW, Huisstede B, Verhagen E, et al. Short- term absentee-
ism and health care utilization due to lower extremity injuries 
among novice runners: a prospective cohort study. Clin J Sport 
Med. 2016;26:502‐509.
 7. Finch C. A new framework for research leading to sports injury 
prevention. J Sci Med Sport. 2006;9:3‐9.
 8. Hreljac A. Etiology, prevention, and early intervention of over-
use injuries in runners: a biomechanical perspective. Phys Med 
Rehabil Clin N Am. 2005;16:651‐667, vi.
 9. Malisoux L, Nielsen RO, Urhausen A, Theisen D. A step to-
wards understanding the mechanisms of running- related inju-
ries. J Sci Med Sport. 2015a;18:523‐528.
 10. Hulme A, Nielsen RO, Timpka T, Verhagen E, Finch C. Risk and 
protective factors for middle- and long- distance running- related 
injury: a systematic review. Sports Med. 2016; doi:10.1007/
s40279- 016- 0636- 4.
 11. Bittencourt NF, Meeuwisse WH, Mendonca LD, Nettel-Aguirre 
A, Ocarino JM, Fonseca ST. Complex systems approach for 
sports injuries: moving from risk factor identification to injury 
pattern recognition- narrative review and new concept. Br J 
Sports Med. 2016; doi:10.1136/bjsports- 2015- 095850.
 12. Shrier I, Platt RW. Reducing bias through directed acyclic 
graphs. BMC Med Res Methodol. 2008;8:70.
 13. Soligard T, Schwellnus M, Alonso JM, et al. How much is too 
much? (Part 1) International Olympic Committee consensus 
statement on load in sport and risk of injury. Br J Sports Med. 
2016;50:1030‐1041.
 14. Drew MK, Finch CF. The relationship between training load 
and injury, illness and soreness: a systematic and literature re-
view. Sports Med. 2016;8:861‐883.
 15. Nielsen RO, Buist I, Sorensen H, Lind M, Rasmussen S. 
Training errors and running related injuries: a systematic re-
view. Int J Sports Phys Ther. 2012;7:58‐75.
 16. Taunton JE, Ryan MB, Clement DB, McKenzie DC, Lloyd-
Smith DR, Zumbo BD. A prospective study of running injuries: 
the Vancouver Sun Run “In Training” clinics. Br J Sports Med. 
2003;37:239‐244.
 17. Nielsen RO, Bertelsen ML, Parner ET, Sorensen H, Lind M, 
Rasmussen S. Running more than three kilometers during the 
first week of a running regimen may be associated with in-
creased risk of injury in obese novice runners. Int J Sports Phys 
Ther. 2014a;9:338‐345.
 18. Meeuwisse WH. Athletic injury etiology: distinguishing between 
interaction and confounding. Clin J Sport Med. 1994;4:171‐175.
 19. VanderWeele TJ, Vansteelandt S. Conceptual issues concern-
ing mediation, interventions and composition. Stat Inference. 
2009;2:457‐468.
 20. Nielsen RO, Malisoux L, Møller M, Theisen D, Parner ET. 
Shedding light on the etiology of sports injuries: a look behind 
the scenes of time- to- event analyses. J Orthop Sports Phys 
Ther. 2016;46:300‐311.
 21. Bekker S, Clark AM. Bringing complexity to sports injury 
prevention research: from simplification to explanation. Br J 
Sports Med. 2016;50:1489‐1490.
 22. Hulme A, Finch C. The epistemic basis of distance running 
injury research: a historical perspective. J Sport Health Sci. 
2016;5:172‐175.
 23. Meeuwisse WH, Tyreman H, Hagel B, Emery C. A dynamic 
model of etiology in sport injury: the recursive nature of risk 
and causation. Clin J Sport Med. 2007;17:215‐219.
 24. Shrier I, Steele RJ, Zhao M, et al. A multistate framework for 
the analysis of subsequent injury in sport (M- FASIS). Scand J 
Med Sci Sports. 2016;26:128‐139.
 25. Windt J, Gabbett TJ. How do training and competition work-
loads relate to injury? The workload- injury aetiology model. Br 
J Sports Med. 2017;51:428‐435.
 26. Ni GX, Liu SY, Lei L, Li Z, Zhou YZ, Zhan LQ. Intensity- 
dependent effect of treadmill running on knee articular cartilage 
in a rat model. Biomed Res Int. 2013;2013:172392.
 27. Xu SY, Li SF, Ni GX. Strenuous treadmill running induces a 
chondrocyte phenotype in rat Achilles tendons. Med Sci Monit. 
2016;22:3705‐3712.
 28. Bohm S, Mersmann F, Arampatzis A. Human tendon adapta-
tion in response to mechanical loading: a systematic review and 
meta- analysis of exercise intervention studies on healthy adults. 
Sports Med Open. 2015;1:7.
 29. Magnusson SP, Langberg H, Kjaer M. The pathogenesis of 
tendinopathy: balancing the response to loading. Nat Rev 
Rheumatol. 2010;6:262‐268.
 30. von Rosen P, Frohm A, Kottorp A, Friden C, Heijne A. Too 
little sleep and an unhealthy diet could increase the risk of 
   | 9BERTELSEN ET aL.
sustaining a new injury in adolescent elite athletes. Scand J Med 
Sci Sports. 2016; doi: 10.1111/sms.12735.
 31. van der Worp MP, ten Haaf DS, van Cingel R, de Wijer A, 
Nijhuis-van der Sanden MW, Staal JB. Injuries in runners; a 
systematic review on risk factors and sex differences. PLoS 
One. 2015;10:e0114937.
 32. Kline PW, Williams DS 3rd. Effects of normal aging on lower 
extremity loading and coordination during running in males and 
females. Int J Sports Phys Ther. 2015;10:901‐909.
 33. Novacheck TF. The biomechanics of running. Gait Posture. 
1998;7:77‐95.
 34. Edwards WB, Gillette JC, Thomas JM, Derrick TR. Internal 
femoral forces and moments during running: implications for 
stress fracture development. Clin Biomech (Bristol, Avon). 
2008;23:1269‐1278.
 35. Edwards WB, Taylor D, Rudolphi TJ, Gillette JC, Derrick TR. 
Effects of running speed on a probabilistic stress fracture model. 
Clin Biomech (Bristol, Avon). 2010;25:372‐377.
 36. Firminger CR, Edwards WB. The influence of minimalist 
footwear and stride length reduction on lower- extremity run-
ning mechanics and cumulative loading. J Sci Med Sport. 
2016;19:975‐979.
 37. Sobhani S, van den Heuvel ER, Dekker R, et al. Biomechanics 
of running with rocker shoes. J Sci Med Sport. 2017;20:38‐44.
 38. Willy RW, Halsey L, Hayek A, Johnson H, Willson JD. 
Patellofemoral joint and achilles tendon loads during over-
ground and treadmill running. J Orthop Sports Phys Ther. 
2016;46:664‐672.
 39. Lenhart RL, Thelen DG, Wille CM, Chumanov ES, Heiderscheit 
BC. Increasing running step rate reduces patellofemoral joint 
forces. Med Sci Sports Exerc. 2014b;46:557‐564.
 40. Bergstra SA, Kluitenberg B, Dekker R, et  al. Running with a 
minimalist shoe increases plantar pressure in the forefoot region 
of healthy female runners. J Sci Med Sport. 2015;18:463‐468.
 41. Chambon N, Sevrez V, Ly QH, Gueguen N, Berton E, Rao G. 
Aging of running shoes and its effect on mechanical and bio-
mechanical variables: implications for runners. J Sports Sci. 
2014;32:1013‐1022.
 42. Fuller JT, Buckley JD, Tsiros MD, Brown NA, Thewlis D. 
Redistribution of mechanical work at the knee and ankle 
joints during fast running in minimalist shoes. J Athl Train. 
2016;10:806‐812.
 43. Kong PW, Candelaria NG, Smith DR. Running in new and worn 
shoes: a comparison of three types of cushioning footwear. Br J 
Sports Med. 2009;43:745‐749.
 44. Ryan M, Elashi M, Newsham-West R, Taunton J. Examining 
injury risk and pain perception in runners using minimalist foot-
wear. Br J Sports Med. 2014;48:1257‐1262.
 45. Sobhani S, van den Heuvel E, Bredeweg S, et al. Effect of rocker 
shoes on plantar pressure pattern in healthy female runners. 
Gait Posture. 2014;39:920‐925.
 46. Sobhani S, Zwerver J, van den Heuvel E, Postema K, Dekker 
R, Hijmans JM. Rocker shoes reduce Achilles tendon load in 
running and walking in patients with chronic Achilles tendinop-
athy. J Sci Med Sport. 2015;18:133‐138.
 47. Warne JP, Kilduff SM, Gregan BC, Nevill AM, Moran KA, 
Warrington GD. A 4- week instructed minimalist running tran-
sition and gait- retraining changes plantar pressure and force. 
Scand J Med Sci Sports. 2014;24:964‐973.
 48. Warne JP, Smyth BP, Fagan JO, et al. Kinetic changes during a 
six- week minimal footwear and gait- retraining intervention in 
runners. J Sports Sci. 2016;1‐9.
 49. Almeida MO, Davis IS, Lopes AD. Biomechanical differences 
of foot- strike patterns during running: a systematic review with 
meta- analysis. J Orthop Sports Phys Ther. 2015;45:738‐755.
 50. Teng HL, Powers CM. Influence of trunk posture on lower 
extremity energetics during running. Med Sci Sports Exerc. 
2015;47:625‐630.
 51. Heiderscheit BC, Chumanov ES, Michalski MP, Wille CM, 
Ryan MB. Effects of step rate manipulation on joint mechanics 
during running. Med Sci Sports Exerc. 2011;43:296‐302.
 52. Lenhart R, Thelen D, Heiderscheit B. Hip muscle loads during 
running at various step rates. J Orthop Sports Phys Ther. 
2014;44:766‐774. A1-A4.
 53. Arendse RE, Noakes TD, Azevedo LB, Romanov N, Schwellnus 
MP, Fletcher G. Reduced eccentric loading of the knee 
with the pose running method. Med Sci Sports Exerc. 2004; 
36:272‐277.
 54. Goss DL, Gross MT. A review of mechanics and injury trends 
among various running styles. US Army Med Dep J. 2012; 
62‐71.
 55. Goss DL, Gross MT. A comparison of negative joint work 
and vertical ground reaction force loading rates in Chi run-
ners and rearfoot- striking runners. J Orthop Sports Phys Ther. 
2013;43:685‐692.
 56. Willson JD, Sharpee R, Meardon SA, Kernozek TW. Effects of 
step length on patellofemoral joint stress in female runners with 
and without patellofemoral pain. Clin Biomech (Bristol, Avon). 
2014;29:243‐247.
 57. Vernillo G, Giandolini M, Edwards WB, et  al. Biomechanics 
and physiology of uphill and downhill running. Sports Med. 
2017;4:615‐629.
 58. Dixon SJ, Collop AC, Batt ME. Surface effects on ground reac-
tion forces and lower extremity kinematics in running. Med Sci 
Sports Exerc. 2000;32:1919‐1926.
 59. Ferris DP, Liang K, Farley CT. Runners adjust leg stiff-
ness for their first step on a new running surface. J Biomech. 
1999;32:787‐794.
 60. Hardin EC, van den Bogert AJ, Hamill J. Kinematic adaptations 
during running: effects of footwear, surface, and duration. Med 
Sci Sports Exerc. 2004;36:838‐844.
 61. Stergiou N, Bates BT, James SL. Asynchrony between subtalar 
and knee joint function during running. Med Sci Sports Exerc. 
1999;31:1645‐1655.
 62. Popp KL, McDermott W, Hughes JM, Baxter SA, Stovitz SD, 
Petit MA. Bone strength estimates relative to vertical ground 
reaction force discriminates women runners with stress fracture 
history. Bone. 2017;94:22‐28.
 63. Powell DW, Andrews S, Stickley C, Williams DS. High- com-
pared to low- arched athletes exhibit smaller knee abduction mo-
ments in walking and running. Hum Mov Sci. 2016;50:47‐53.
 64. Powell DW, Williams DS 3rd, Windsor B, Butler RJ, Zhang S. 
Ankle work and dynamic joint stiffness in high- compared to 
low- arched athletes during a barefoot running task. Hum Mov 
Sci. 2014;34:147‐156.
 65. Williams DS III, Davis IM, Scholz JP, Hamill J, Buchanan TS. 
High- arched runners exhibit increased leg stiffness compared to 
low- arched runners. Gait Posture. 2004;19:263‐269.
10 |   BERTELSEN ET aL.
 66. Dorn TW, Schache AG, Pandy MG. Muscular strategy shift in 
human running: dependence of running speed on hip and ankle 
muscle performance. J Exp Biol. 2012;215:1944‐1956.
 67. Petersen J, Nielsen RO, Rasmussen S, Sorensen H. Comparisons 
of increases in knee and ankle joint moments following an in-
crease in running speed from 8 to 12 to 16km.h. Clin Biomech 
(Bristol, Avon). 2014;29:959‐964.
 68. Schache AG, Blanch PD, Dorn TW, Brown NA, Rosemond D, 
Pandy MG. Effect of running speed on lower limb joint kinetics. 
Med Sci Sports Exerc. 2011;43:1260‐1271.
 69. Kaplan JT, Neu CP, Drissi H, Emery NC, Pierce DM. Cyclic 
loading of human articular cartilage: the transition from compac-
tion to fatigue. J Mech Behav Biomed Mater. 2016;65:734‐742.
 70. Wille CM, Lenhart RL, Wang S, Thelen DG, Heiderscheit BC. 
Ability of sagittal kinematic variables to estimate ground reac-
tion forces and joint kinetics in running. J Orthop Sports Phys 
Ther. 2014;44:825‐830.
 71. Wren TA, Yerby SA, Beaupre GS, Carter DR. Mechanical 
properties of the human Achilles tendon. Clin Biomech (Bristol, 
Avon). 2001;16:245‐251.
 72. Dye SF. The pathophysiology of patellofemoral pain: a 
tissue homeostasis perspective. Clin Orthop Relat Res. 
2005;436:100‐110.
 73. Dye SF. The knee as a biologic transmission with an envelope of 
function: a theory. Clin Orthop Relat Res. 1996;325:10‐18.
 74. Meeusen R, Duclos M, Foster C, et  al. European College 
of Sport Science, American College of Sports Medicine. 
Prevention, diagnosis, and treatment of the overtraining syn-
drome: joint consensus statement of the European College of 
Sport Science and the American College of Sports Medicine. 
Med Sci Sports Exerc. 2013;45:186‐205.
 75. Fredericson M. Common injuries in runners. Diagnosis, reha-
bilitation and prevention. Sports Med. 1996;21:49‐72.
 76. Galloway MT, Jokl P, Dayton OW. Achilles tendon overuse in-
juries. Clin Sports Med. 1992;11:771‐782.
 77. Renstrom AF. Mechanism, diagnosis, and treatment of running 
injuries. Instr Course Lect. 1993;42:225‐234.
 78. Rzonca EC, Baylis WJ. Common sports injuries to the foot and 
leg. Clin Podiatr Med Surg. 1988;5:591‐612.
 79. Wen DY. Risk factors for overuse injuries in runners. Curr 
Sports Med Rep. 2007;6:307‐313.
 80. Gabbett TJ, Ullah S, Finch CF. Identifying risk factors for 
contact injury in professional rugby league players–applica-
tion of a frailty model for recurrent injury. J Sci Med Sport. 
2012;15:496‐504.
 81. Hulin BT, Gabbett TJ, Blanch P, Chapman P, Bailey D, Orchard 
JW. Spikes in acute workload are associated with increased 
injury risk in elite cricket fast bowlers. Br J Sports Med. 
2014;48:708‐712.
 82. Hulin BT, Gabbett TJ, Lawson DW, Caputi P, Sampson JA. 
The acute: chronic workload ratio predicts injury: high chronic 
workload may decrease injury risk in elite rugby league players. 
Br J Sports Med. 2016;50:231‐236.
 83. Gabbett TJ. The training- injury prevention paradox: should 
athletes be training smarter and harder? Br J Sports Med. 
2016;50:273‐280.
 84. Gabbett TJ, Hulin BT, Blanch P, Whiteley R. High training 
workloads alone do not cause sports injuries: how you get there 
is the real issue. Br J Sports Med. 2016;50:444‐445.
 85. Buist I, Bredeweg SW, van Mechelen W, Lemmink KA, Pepping 
GJ, Diercks RL. No effect of a graded training program on the 
number of running- related injuries in novice runners: a random-
ized controlled trial. Am J Sports Med. 2008;36:33‐39.
 86. Kluitenberg B, van der Worp H, Huisstede BM, et  al. The 
NLstart2run study: training- related factors associated with 
running- related injuries in novice runners. J Sci Med Sport. 
2016;19:642‐646.
 87. Nielsen RO, Parner ET, Nohr EA, SOrensen H, Lind M, 
Rasmussen S. Excessive progression in weekly running dis-
tance and risk of running- related injuries: an association which 
varies according to type of injury. J Orthop Sports Phys Ther. 
2014b;44:739‐747.
 88. Drew MK, Blanch P, Purdam C, Gabbett TJ. Yes, rolling aver-
ages are a good way to assess training load for injury prevention. 
Is there a better way? Probably, but we have not seen the evi-
dence. Br J Sports Med. 2017;7:618‐619.
 89. Menaspa P. Are rolling averages a good way to assess training 
load for injury prevention? Br J Sports Med. 2017;7:618‐619.
 90. Murray NB, Gabbett TJ, Townshend AD, Blanch P. Calculating 
acute: chronic workload ratios using exponentially weighted 
moving averages provides a more sensitive indicator of injury 
likelihood than rolling averages. Br J Sports Med. 2016; doi: 
10.1136/bjsports-2016-097152.
 91. Histen K, Arntsen J, L’Hereux L, et al. Achilles tendon prop-
erties in minimalist and traditionally shod runners. J Sport 
Rehabil. 2016;1‐16.
 92. Malisoux L, Ramesh J, Mann R, Seil R, Urhausen A, Theisen 
D. Can parallel use of different running shoes decrease running- 
related injury risk? Scand J Med Sci Sports. 2015b;25:110‐115.
 93. Nielsen RO, Nohr EA, Rasmussen S, Sorensen H. Classifying 
running- related injuries based upon etiology, with emphasis on 
volume and pace. Int J Sports Phys Ther. 2013b;8:172‐179.
 94. Tessutti V, Ribeiro AP, Trombini-Souza F, Sacco IC. 
Attenuation of foot pressure during running on four different 
surfaces: asphalt, concrete, rubber, and natural grass. J Sports 
Sci. 2012;30:1545‐1550.
 95. Halson SL. Monitoring training load to understand fatigue in 
athletes. Sports Med. 2014;44(Suppl 2):S139‐S147.
 96. Urhausen A, Gabriel H, Kindermann W. Blood hormones 
as markers of training stress and overtraining. Sports Med. 
1995;20:251‐276.
 97. Urhausen A, Kindermann W. Diagnosis of overtraining: what 
tools do we have? Sports Med. 2002;32:95‐102.
 98. Mahmood A, Ullah S, Finch CF. Application of survival models 
in sports injury prevention research: a systematic review. Br J 
Sports Med. 2014;48:630.
 99. Ullah S, Gabbett TJ, Finch CF. Statistical modelling for recur-
rent events: an application to sports injuries. Br J Sports Med. 
2014;48:1287‐1293.
 100. Kernozek T, Gheidi N, Ragan R. Comparison of estimates of 
achilles tendon loading from inverse dynamics and inverse 
dynamics- based static optimisation during running. J Sports 
Sci. 2016;1‐7.
 101. Dideriksen M, Soegaard C, Nielsen RO. Validity of self- reported 
running distance. J Strength Cond Res. 2016;30:1592‐1596.
 102. Adams D, Pozzi F, Carroll A, Rombach A, Zeni J Jr. Validity 
and reliability of a commercial fitness watch for measuring run-
ning dynamics. J Orthop Sports Phys Ther. 2016;46:471‐476.
   | 11BERTELSEN ET aL.
 103. Nielsen RO, Cederholm P, Buist I, Sorensen H, Lind M, 
Rasmussen S. Can GPS be used to detect deleterious progres-
sion in training volume among runners? J Strength Cond Res. 
2013a;27:1471‐1478.
 104. Mann R, Malisoux L, Brunner R, et al. Reliability and validity 
of pressure and temporal parameters recorded using a pressure- 
sensitive insole during running. Gait Posture. 2014;39:455‐459.
 105. Moran DS, Evans R, Arbel Y, et al. Physical and psychological 
stressors linked with stress fractures in recruit training. Scand J 
Med Sci Sports. 2013;23:443‐450.
 106. Tudor-Locke C, Barreira TV, Schuna JM Jr. Comparison of step 
outputs for waist and wrist accelerometer attachment sites. Med 
Sci Sports Exerc. 2015;47:839‐842.
 107. Watari R, Hettinga B, Osis S, Ferber R. Validation of a torso- 
mounted accelerometer for measures of vertical oscillation and 
ground contact time during treadmill running. J Appl Biomech. 
2016;32:306‐310.
 108. Malisoux L, Frisch A, Urhausen A, Seil R, Theisen D. 
Monitoring of sport participation and injury risk in young ath-
letes. J Sci Med Sport. 2013;16:504‐508.
 109. Al-Munajjed AA, Bischoff JE, Dharia MA, Telfer S, Woodburn 
J, Carbes S. Metatarsal loading during gait- a musculoskeletal 
analysis. J Biomech Eng. 2016;138:4032413.
 110. Miller RH, Hamill J. Computer simulation of the effects of shoe 
cushioning on internal and external loading during running im-
pacts. Comput Methods Biomech Biomed Engin. 2009;12:481‐490.
How to cite this article:  Bertelsen ML, Hulme A, 
Petersen J, et al. A framework for the etiology of 
running- related injuries. Scand J Med Sci Sports. 
2017;00:1–11. https://doi.org/10.1111/sms.12883
50 
 
3.5 SUMMARY 
There are two important distinctions worth noting about RRI causality after conducting the research 
presented Chapter Three.  The first is that traditional scientific approaches should not be dismissed based 
on their relative contributions to progressing aetiologic knowledge.  The steady application of 
epidemiological and clinical based-research has, over time, helped to expose which of the few biologic 
and behavioural RRI risk factors are worthy of further inquiry.  For instance, Chapter Two compiled the 
causal results across numerous risk factor studies and found evidence to support that previous injury and 
the use of oral contraceptives were directly and inversely associated with RRI development, respectively. 
The identification of those consistently significant observed associations leads directly into the second 
reason, which relates to how causal information can then be manipulated and used in practice.  For 
example, without formally prioritising how much running a given athlete is undertaking over a certain 
length of time, the researcher is restricted in terms of only being able to identify subgroups of runners at 
an increased or decreased risk of injury.  However, in building on a model of prediction, researchers can 
further address how non-participatory-related exposures (e.g. previous injury and oral contraceptive use) 
interact with running participation (i.e. defined as stride number in Chapter Three) to cause a given RRI.  
One way to achieve that is to treat magnitude-related and distribution-related exposures as effect-measure 
modifiers, rather than as confounders in causal analyses. 
Chapter Three was essential from the perspective of being able to fully conceptualise RRI causality.  It 
clearly explained that a given RRI develops when there has been a physical imbalance between the stress 
applied to specific biological tissues, and the capacity of the musculoskeletal system to tolerate 
cumulative running load.  Such a fundamental understanding of the biology underpinning RRI aetiology 
is a necessary step before one can start to think about the possibility of using research approaches that go 
above and beyond, and/or incorporate, a reductionist and biomedical paradigm. 
51 
 
4.0 THE PHILOSOPHY BEHIND RUNNING INJURY PREVENTION RESEARCH 
Hulme, A, Finch, C.F. 2016. The epistemic basis of distance running injury research: A historical 
perspective. Journal of Sport and Health Science; 5(2): 172-175. doi: 10.1016/j.jshs.2016.01.023 
4.1 STUDY QUESTION 
How has an objectivist epistemological perspective affected knowledge generation about RRI causality 
and its prevention? 
4.2 STUDY AIMS 
• Examine the philosophical and epistemological basis underpinning RRI epidemiological and clinical 
research 
• Recommend that alternative theoretical and methodological research directions are required 
4.3 OVERVIEW 
The previous chapter attempted to resolve some of the ambiguity surrounding RRI causation by carefully 
examining the theoretical interaction between a diverse range of personal and biomechanical exposures.  
In a similar way, Chapter Four also aims to elucidate RRI aetiology, but it does so by approaching the 
problem from a different angle.  Specifically, this chapter examines through a philosophical lens, the 
epistemological basis underpinning RRI epidemiological and clinical-based research.  The associated 
article is not necessarily concerned with finer methodological details, such as evaluating the relevance of 
study design selection or choice of the adopted statistical analyses; rather, it aims to outline the potential 
limitations associated with an intellectual tendency to want to objectify RRI causation through a 
reductionist scientific lens.  Chapter Four was accepted for publication in the international peer-review 
literature by the Journal of Sport and Health Science on 14 January 2016, and was published online (open 
access) on 14 March 2016. 
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1. Introduction
For both recreational and competitive purposes, distance
running is an ideal activity for increasing endurance capacity
and improving cardiovascular health. Running is an accessible
and relatively simple form of exercise that is performed by able
bodied individuals in a variety of locations worldwide. Accord-
ingly, the popularity of running in developed countries has
increased dramatically in recent times, demonstrated by the
growth in fun runs, marathons, and fundraising events. Unfor-
tunately, musculoskeletal injuries are a common side effect of
participation, particularly for novice exercisers who are at
greatest risk.1 In order to reduce the incidence of distance
running injury, the identification of risk factors and injury
mechanisms is a necessary step for effectuating preventative
interventions.2 Aetiological research, however, requires a mul-
tidisciplinary approach encompassing epidemiological data,
biomechanical analyses, clinical research, and behavioral
studies.2
Recent calls for more experimental and observational
research to better understand the aetiology of distance running
injury are certainly justified.3 In particular, scientific study
designs located higher on the evidence hierarchy, such as the
randomised controlled trial and prospective cohort, are capable
of reducing methodological biases to establish cause–effect
relationships reliably. Irrespective of the need for more analyti-
cal research, the scientific literature is replete with
aetiologically-focused distance running injury investigations.
With consideration for what is now a significant body of
research, the purpose of this opinion piece is to present the
epistemological basis underpinning distance running injury
epidemiological research. Exploring the historical context of
the literature from an epistemic perspective presents the oppor-
tunity to reflect on past developments and current practice.
From here, opportunities are identified, and complementary and
alternative conceptual and methodological directions for future
research are recommended.
2. Revisiting the conceptual “research scaffold”
Even before finding a topic and formulating research ques-
tions and hypotheses, a given researcher has a predilection for
a particular methodological approach.4 An individual’s concep-
tion of reality and their epistemic beliefs conspire to form a
position that maintains there are better ways in which to derive
a posteriori knowledge. This broader ontological assumption
about the nature of reality and what can be “known” about the
natural world results in the following “research scaffold”:5
(1) Epistemology (i.e., knowledge acquisition);
(2) Theoretical perspective (i.e., assumptions about reality);
(3) Methodology (e.g., a case–control study design vs. phe-
nomenological inquiry);
(4) Method (e.g., survey approach vs. focus group
interviewing);
(5) Analysis (e.g., a general linear model vs. thematic
analysis).
Given that the academic research scaffold is native to all
forms of inquiry found across different scientific disciplines, its
usefulness can also be evaluated in the context of running injury
prevention research. Primarily, a particular epistemic perspec-
tive that forms the foundation of any given research will vary
between individuals or groups depending on geography, culture
and/or context. Moreover, standards of evidence are likely to
reflect the beholder’s personal criteria for validity. In other
words, the design of running injury prevention research has
mostly been influenced by the contextual and historical back-
drop within which researchers have operated.
3. The objectivist tradition in distance running injury
research
Since the inception of running injury prevention research in
the 1970s (e.g., Ref. 6), a theoretical perspective of positivism
Peer review under responsibility of Shanghai University of Sport.
* Corresponding author.
E-mail address: a.hulme@federation.edu.au (A. Hulme)
http://dx.doi.org/10.1016/j.jshs.2016.01.023
2095-2546/© 2016 Production and hosting by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Available online at www.sciencedirect.com
Journal of Sport and Health Science 5 (2016) 172–175
www.jshs.org.cn
H O S T E D  BY
ScienceDirect
informed by an objectivist epistemology has produced a bio-
medical understanding of injury pathogenesis and pathophysi-
ology. This has resulted in an overwhelmingly high number of
quantitative research designs and methods.3,7,8 It would seem
that assumptions about injury causality, be it largely through
tradition and repetition, have encouraged the promulgation of
an empiricist paradigm in its purest form. This has shaped the
aetiology of distance running injury into a nomothetic and
deterministic phenomenon. Indeed, the preoccupation with
identifying and isolating risk factors has precluded the possi-
bility of exploring additional approaches, and has resulted in a
particular ideal that suggests aetiological processes will even-
tually be realised when enough high quality scientific research
is conducted.
Under an empiricist paradigm, the testing of a theory
involves a certain degree of control, to regulate and quantify
phenomena in order to accept or refute hypotheses with vali-
dated and reliable instrumentation.9 In taking this approach, the
end result is often reductionist, explaining the relationship
between a discrete set of variables selected and analysed by the
researcher.9 Routinely wanting to ascertain the objective reality
of phenomena via traditional epidemiological approaches pro-
duces an expert-led, paradigm-driven process. It just so happens
that the aetiology of distance running injury is only ever
explained with this traditional approach. For example, the
primary means of identifying risk factors has been through the
use of techniques such as discriminant function analysis, t tests,
χ2, and various types of analyses of variance. The use of more
sophisticated techniques, such as multivariable logistic regres-
sion analyses first employed around the late 1980s (e.g., Ref.
10), and used more recently (e.g., Ref. 11), has involved testing
each exposure separately before including the “significant vari-
ables” in a final adjusted model using stepwise procedures.12
Notwithstanding their few limitations, appropriate statistical
analyses do result in valid and logical conclusions, and their use
should be further encouraged in future running injury research.
However, there is also a need to consider complementary alter-
native approaches.
4. Considering an alternative conceptual framework
There is justification in encouraging distance running injury
researchers to understand the human experience and condition
in its natural state through organic means of inquiry. Each
injured runner experiences a unique chain of prior causal
events, involving many different intra- and interpersonal deter-
minants. In contrast to an objectivist epistemology, interpreta-
tions of causality could still be viewed as personally or socially
constructed and, by extension, the absolute physical reality
behind injury could be considered profoundly “idiographic”.13
When dealing with complex social issues, inclusive of
human nature and behavior, objectivist methodologies, if used
exclusively, are incapable of producing definitive answers. This
is not to say that a biomedical paradigm has greatly hindered
progress by any means. For one, distance running injury
prevention research has still progressed with limited risk
factor identification. Nevertheless, where there are historical
implications, geographical and cultural differences, and even
social inequalities, habitually collapsing the broader ecological
risk factor landscape down to the individual component-cause
level might preclude any consideration for additional reasons
that otherwise explain the incidence of distance running
injury.
At the other end of the continuum lies the epistemology of
constructivism. This particular epistemic orientation encour-
ages the use of methodologies that have the capacity to consider
the specific context of runners’ lives, their relationships and
careers, sociocultural beliefs and historical accounts.9 It is for
this reason that the corresponding theoretical perspective of
interpretivism is well suited for research with a social and
behavioral emphasis. Interpretivism values subjectivity, the
complexity and diversity of personal views, and that conclu-
sions of causality operate under context and within the
individual’s social tapestry.5 Indeed, in the wider field of
injury research, it has been acknowledged that qualitative
methodologies14 and behavioral and social science theories and
models15 are exceptionally rare despite their potential value.
Likewise, very few behavioral and social science theories and
models have also featured in sports injury research,16 prompting
some to acknowledge the paucity of literature exploring behav-
ioral risk factors from the perspectives of athletes and
coaches.17 Recent calls for a “broader research focus” in the
context of the sports injury epidemiological literature18 suggest
that it is now time to explore alternative conceptual approaches
and associated complementary methodologies.
5. Leading by example: a single case in point
In the distance running injury literature, only 1 study has
explored the beliefs of recreational runners in relation to injury
risk.19 Using a semi-structured interviewing technique, this
study drew upon participants’ personal experiences in order to
identify their perceptions of running injury causality. Reflecting
upon their findings, the authors concluded that injury preven-
tion educational interventions are required to address the many
misperceptions about injury causality that were reported.19
Effectively, this study found incongruence between scientific
theory and the real-world beliefs of runners. Successfully
closing the gap between the conclusions derived via highly
controlled scientific inquiry and the beliefs of the running com-
munity requires direct collaboration with end-users (i.e.,
runners) and key members (e.g., academic researchers, sports
coaches, healthcare providers) of the system. Future research
should strive to determine the underlying intrinsic and extrinsic
motivators dictating distance runners’ decisions to engage with
certain behaviors known to pose risk. Before doing so, however,
a good place to start would be with the sources of injury
prevention beliefs and attitudes among runners, and under-
standing the reasons for why particular sources are held to a
higher standard.19 This would require the acceptance and
further use of qualitative methodologies to supplement the tra-
ditional epidemiological risk factor approach. Such a
realisation begins with the introduction of a fresh and impartial
philosophical position.
173Epistemic basis of distance running injury research
6. A pragmatic solution
Where the epistemologies of objectivism and constructivism
attempt to explain reality with 2 theoretical perspectives that
situate on different ends of a broader ontological continuum, it
is pragmatism that focuses on the “what” and “how”, and does
not need to associate with an epistemology or paradigm.9
Discussing pragmatism in considerable detail regarding its his-
torical origins and its practical application, Johnson and
Onwuegbuzie20 argued for this pragmatic, or “pluralist” posi-
tion, referring to it as balanced and outcome-oriented. Pragma-
tism has been described as the “philosophical partner for the
mixed methods approach”, and has been described as having
4 key facets:21
(1) It challenges the philosophical dualism that emerged at
the time of “the paradigm wars”, attempting to find
common ground and promote compatibility between
theoretical perspectives;
(2) When quantitative or qualitative inquiry alone is not
enough, it provides a third alternative in which to best
address research aims;
(3) It is considered a new orthodoxy, a method of conducting
research that is not to be viewed as permissible, but actu-
ally desirable if the situation permits;
(4) It is not merely a convenient approach that is adopted to
provide diversity based on the researcher’s strengths,
weaknesses, or indecisions, but to overcome bias, build
on existing research, increase data accuracy, and provide
a more complete picture of phenomena.
7. The future for distance running injury research
Despite the aforementioned suggestion for more qualitative
inquiry, a pragmatic orientation is not necessarily limited to
reconciling the differences between quantitative and qualitative
inquiry per se, especially within the confines of a single
investigation.22 Rather, a pragmatic solution also integrates
additional complementary and alternative conceptual
approaches and methodologies that have been intentionally
selected to better expose aetiologic variables and elucidate
injury mechanisms. The following points list some recommen-
dations for future distance running injury research directions:
(1) It would be beneficial to begin to conduct research with
runners, rather than continuing to conduct research for
runners based on the assumption that distance runners are
entirely capable of reflective and critical thought regard-
ing their personal situations;
(2) Active engagement with distance runners when searching
for answers is a form of emancipatory research that does
not exclusively work from a “top-down” perspective, but
will empower all parties;
(3) Data obtained from end-users and community clinicians
will highlight where injury prevention educational inter-
ventions need to be aimed, and how best to deliver such
initiatives;
(4) Operationalising alternative approaches including causal
visuals that incorporate the multifactorial nature of dis-
tance running injury is another option that would expose
an enhanced conceptualisation of its aetiology. Examples
here might include the use of Directed Acyclic Graphs,23
or a “systems thinking” perspective involving a range of
quantitative24 and/or qualitative methods and analyses.25
We encourage the international community of running
injury prevention researchers to begin the process of thinking
about how to strengthen and supplement the traditional epide-
miological approach to enhance knowledge about what factors
combine to contribute to injury risk. More qualitative inquiry
will help to displace the degree of inertia that has accumulated
and partly thwarted knowledge progression; but alone, it is not
the answer. A pragmatic approach towards research design also
requires that researchers re-evaluate their own epistemological
and theoretical predilections that inform the optimal way in
which to acquire knowledge and disseminate evidence. This
might translate into the use of unique and/or emerging meth-
odologies, such as causal modelling and those found in the field
of systems science.
8. Conclusion
In the past 45 years, only 1 published study19 has engaged
distance runners in their community setting and sought their
own perspectives on risk factors for injury. This approach
originates with an intellectual tendency to view distance runners
as participatory, rather than as objects of inquiry. Qualitative
approaches will introduce new methods and themes to running
injury research, thus recalibrating the focus of traditional
forms of epidemiologic inquiry that have saturated the litera-
ture. Interpretive approaches can lead to discovery, helping to
explain variation in outcomes through the refinement of reduc-
tionist models. This will further complement quantitative
methodologies that should continue, where feasible, to develop
in the form of randomised controlled trials and longitudinal
designs. For distance running injury research to progress
optimally, researchers are encouraged to adopt pragmatism in
their “thinking” and designing stages. A pragmatic solution,
however, does not solely mean a combination of quantitative
and qualitative approaches. Rather, this philosophical orienta-
tion embraces innovative and novel ways to explore the
multifactorial nature of distance running injury. Alternative
approaches and methodologies including causal modelling and
visual representations of injury aetiology, will aid in
conceptualising its complex origins. This will require borrow-
ing, adapting, and refining methods and analyses from other
research disciplines, including the system science. Through
embracing change and accepting these new directions, the
science of running injury control and prevention will assuredly
climb to new heights, enabling people around the globe to gain
even more of the many health benefits associated with this
form of exercise.
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4.5 SUMMARY 
The presented research in Chapter Four leads to a recommendation that a philosophy of pragmatism 
should be taken across all stages of RRI prevention research.  This stance towards knowledge acquisition 
maintains that the most effective scientific approaches can be combined (i.e. mixed methods research), 
whereas methods from the systems-based sciences might also prove beneficial if used alongside the 
application of traditional scientific approaches. 
The key message associated with this work is that new research approaches that complement traditional 
forms of scientific inquiry are required.  Aside from the possibility of engaging distance runners directly 
in the investigative process, Chapter Four has argued that systems modelling methodologies might 
provide a useful framework for analysing and/or visualising the aetiology and prevention of RRI.  This 
work was so novel that the Editor-in-Chief of the Journal of Sport and Health Science dedicated an 
editorial to Chapter Three titled ‘The Problem with Running Injuries’ (77).  The journal praised this 
article in considering its attempt to promote the use of original ideas and intuitive thinking (Appendix 2). 
 
 
 
 
 
 
 
 
58 
 
5.0 SYSTEMS THINKING AND RUNNING INJURY 
Hulme, A, Finch, C.F. 2015. From monocausality to systems thinking: A complementary and 
alternative conceptual approach for better understanding the development and prevention of sports 
injury. Injury Epidemiology; 2(1): 31. doi: 10.1186/s40621-015-0064-1 
5.1 STUDY QUESTION 
How can a ‘systems thinking’ perspective contribute to an enhanced understanding about the 
development and prevention of RRI? 
5.2 STUDY AIMS 
• Outline how theories of disease and injury causation have developed over time 
• Explain systems thinking theory and principles 
• Promote the use of systems-based methods as viable options for controlling sports injury through 
using RRI as an example 
5.3 OVERVIEW 
Chapter Five elaborates on the suggestion to consider utilising innovative and novel ways to explore the 
complex and multifactorial nature of RRI development.  Starting with the once pervasive and yet limited 
monocausal theory of disease, Chapter Five outlines how the evolution of causal concepts in the field of 
injury control more broadly has been inspired by the ideas and developments as found in other scientific 
disciplines.  The latter half of the narrative presents what systems thinking is in terms of its underpinning 
theory, and promotes the use of systems-based methods as viable options for sports injury control.  
Chapter Five was accepted for publication in the international peer-review literature by Injury 
Epidemiology on 3 December 2015, and was published online (open access) on 8 December 2015. 
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REVIEW Open Access
From monocausality to systems thinking: a
complementary and alternative conceptual
approach for better understanding the
development and prevention of sports
injury
Adam Hulme* and Caroline F. Finch
Abstract
The science of sports injury control, including both its cause and prevention, has largely been informed by a
biomedical and mechanistic model of health. Traditional scientific practice in sports injury research has routinely
involved collapsing the broader socioecological landscape down in order to analyse individual-level determinants
of injury - whether biomechanical and/or behavioural. This approach has made key gains for sports injury
prevention research and should be further encouraged and allowed to evolve naturally. However, the public health,
Applied Human Factors and Ergonomics, and injury epidemiological literature more broadly, has accepted the value
of a socioecological paradigm for better understanding disease and injury processes, and sports injury research will
fall further behind unless it does the same. A complementary and alternative conceptual approach towards injury
control known as systems thinking that builds on socioecological science, both methodologically and analytically, is
readily available and fast developing in other research areas. This review outlines the historical progression of causal
concepts in the field of epidemiology over the course of the modern scientific era. From here, causal concepts in
injury epidemiology, and models of aetiology as found in the context of sports injury research are presented. The
paper finishes by proposing a new research agenda that considers the potential for a systems thinking approach to
further enhance sports injury aetiological understanding. A complementary systems paradigm, however, will require
that sports injury epidemiologists bring their knowledge and skillsets forwards in an attempt to use, adapt, and
even refine existing systems-based approaches. Alongside the natural development of conventional scientific
methodologies and analyses in sports injury research, progressing forwards to a systems paradigm is now required.
Keywords: Sports injury epidemiology, Socioecological frameworks, Systems thinking, Agent-Based Modelling,
Applied Human Factors and Ergonomics
Review
There is an Arabian proverb of which most are familiar.
It speaks of a camel whose owner had overloaded it be-
yond what was a manageable weight; so much so, that it
took only but a single piece of additional straw to bring
the animal to its knees. The idiom, ‘the straw that broke
the camel’s back’, now extends to scenarios where a
certain number of precipitating factors combine to pro-
duce an undesirable outcome. In most instances, how-
ever, it is only the final event that is most noticeable to
the person involved, and is routinely considered as the
‘unique cause’ of the effect in question (Rothman and
Greenland 2005). The tendency for human beings to
process events in this way, to otherwise implicate mono-
causality into their daily thinking, is simply a matter of
habituation. Conversely, when deliberating over causality
on a deeper level, or when attempting to formulate new
scientific theories, one has to advance rudimentary
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conceptions of causality to that of complexity and multi-
factorialism (Rothman and Greenland 2005).
In the broader field of epidemiology, the science of
causality, including ways in which to illustrate it, has
been discussed at length (e.g. Greenland et al. 1999;
Parascandola and Weed 2001; Broadbent 2013). Indeed,
epidemiologists are not only motivated by the task of
distinguishing simple correlation from actual causation,
but also by the underlying and often times elusive and
complex nature underpinning causal relationships (Glass
et al. 2013). In other words, epidemiologists strive to
identify both the risk factors for, and the causal mecha-
nisms behind, the health effect in question. Closer to
home, in the sports injury literature, there have been a
number of examples that discuss or illustrate causality
from a general prevention perspective (Meeuwisse
1994a, b; Gissane et al. 2001; Bahr and Holme 2003;
Bahr and Krosshaug 2005; McIntosh 2005). Notwith-
standing these examples, causal theory in sports injury
epidemiology has entered into a period of inertia despite
the availability of alternative conceptual causal ap-
proaches. Sports injury prevention research will not be
able to make significant gains unless a number of im-
portant issues pertaining to causality are addressed.
The first section of this narrative review discusses the
historical progression of causal concepts in the field of
epidemiology more generally. This section, albeit sum-
marised to include only a few noteworthy contributions,
provides insight into why and how casual theory has
evolved over time. From here, causal concepts in the
broader field of injury epidemiology, and models of aeti-
ology as found in the context of sports injury research
are presented. The paper finishes with an overview of
how a systems thinking approach has the potential to
further enhance sports injury aetiological understanding.
The roots of causal concepts in the modern
scientific era
In 1880, at the Tenth International Congress of Medi-
cine in Berlin, the German physician Robert Koch made
a significant contribution to the field of microbiology
and disease causality. Reflecting upon his research into
the origin of Tuberculosis, Koch outlined three illustri-
ous causal postulates (Rivers 1937): (i) that the parasite
occurs in every case of the disease in question; (ii) that it
occurs in no other disease as a fortuitous and non-
pathogenic parasite, and; (iii) that after being fully
isolated from the body and repeatedly grown in pure
culture, it can cause the disease again. At the time,
Koch’s postulates were designed to definitively establish
whether a causal relationship existed between a single
infectious agent and particular disease. Ironically, how-
ever, it was the limitations associated with these postu-
lates that contributed to advancing aetiological
understanding in this area (Fredricks and Relman 1996).
Certainly, for some pathogenic bacterial species, the pos-
tulates were highly applicable. Yet, for other organisms,
a clear violation of one or more of the postulates was
found (Fredricks and Relman 1996).
The discovery of viruses in the early Twentieth cen-
tury prompted a revision to Koch’s postulates. Rivers
(1937) recognised that the monocausal exposure-disease
framework was flawed, and warned of its continued ap-
plication. Twenty years later, Huebner’s (1957) refine-
ments to causal theory included, for the first time, the
importance of epidemiological approaches alongside
mere laboratory-based research. With the passing of yet
another decade, the Five Realities of acute respiratory
disease were formulated and supported the now ac-
cepted multicausal paradigm through recognising the
importance of the individual’s biological constitution,
and the influence of seasonal variation on the pathogen-
icity of certain agents (Evans 1967).
The further discovery of hundreds of new viruses
transformed disease causality into a complex concept
that included demographical, geographical and social
layers. Accordingly, the historical progression of the sci-
ence of infectious disease causality has been condensed
into three distinct stages (Evans 1976): (i) the nature of
the agent as a key focus (e.g. Koch’s postulates and
monocausality); (ii) consideration to the environment in
which the disease occurred (e.g. refinements from
Huebner and Rivers) (Huebner 1957; Rivers 1937); and
(iii), recognition of how the characteristics of the host in-
fluences the pathophysiology of disease (e.g. Evan’s Five
Realities) (Evans 1967).
The evolution of causal thinking in epidemiology
Over the course of the mid-late 1900s, the provision of
healthcare services, improved community sanitation and
hygiene, and scientific discoveries including the develop-
ment of vaccinations contributed to a declining inci-
dence of infectious diseases (Baum 2011). Paradoxically,
technological advancements and obesogenic environ-
ments gave rise to a range of new health issues. The epi-
demiological teaching resources that emerged around
the 1950s embraced a new research agenda, and along-
side infectious disease, were now concerned with the de-
velopment and prevention of non-communicable
chronic health conditions (Krieger 1994). The single
agent germ theory was completely displaced by models
of disease aetiology that directly assimilated, or took ad-
vantage of, the underpinning principles associated with
the Agent, Host, and Environment triad. Standout exam-
ples include the Web of Causation (MacMahon et al.
1960), Hill’s (1965) nine considerations for inferring
causation, and Rothman’s (1976; 2005) Theoretical
Sufficient-Component Cause Model; which, was based
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on earlier work by distinguished philosophers of science
(Mackie 1965; Lyon 1967).
Causal concepts in injury epidemiology
Whether it be improvised footwear to protect against
the elements, or engineered clothing and equipment
worn during warfare, injury prevention interventions
have continued to evolve since the earliest known re-
cords (Rivara 2001). Aside from a number of early les-
sons, it took until the mid-late Twentieth century before
the true application of epidemiological techniques for
better understanding injury control were applied (Rivara
2001). If it were not for the causal concepts that has pre-
viously been established in the infectious and chronic
disease literature, injury epidemiology might have set
out on an altogether different trajectory (Robertson
2007). Notable early concepts that were applied to injury
control included the Domino Theory of Accident
Causation (Heinrich 1931), De Dehaven’s (1942) bio-
mechanical theories of energy exchange and force distri-
bution, and the self-involved experiments of Stapp
(1957). A number of influential visionaries prophetically
elaborated on these robust theoretical foundations, and
so injury control was established as a legitimate scientific
discipline.
In his paper ‘The Epidemiology of Accidents’, Gordon
(1949) illustrated a similar pattern of mortality between
an outbreak of typhoid fever amongst a troupe of circus
performers and that of a nightclub fire. The analogy of
these two distinct scenarios, aside from the literal graph-
ical representation of the sharp and initial aggregation of
cases, was reflected in his commentary (Gordon 1949;
p.515):
“Specifically directed prevention based on an
understanding of cause has long guided the attack on
communicable and other diseases…the biologic
principles that govern disease as a community
problem are interpreted as holding equally well for
injuries. A pattern for epidemiologic analysis is
presented [Agent, Host, and Environment], as a means
for a better understanding of accidents”.
Gordon (1949) believed that, like disease, injuries were
caused by particular epidemiologic episodes, such as sea-
sonal change, demographic characteristics and an indi-
vidual’s susceptibility. Just over a decade later, an
experimental psychologist proposed that injuries were
caused by the transfer of energy (Gibson 1961). The the-
ory of energy exposures exceeding an organism’s physio-
logical injury threshold remains foundational to the
science of injury control.
A breakthrough in injury research arrived with the re-
lease of ‘Accident Research: Methods and Approaches’
(Haddon et al. 1964). Haddon et al. (1964) had produced
the ultimate anthological resource which established in-
jury research as an important scientific discipline (Li and
Baker 2014). The theories and methods presented in
their definitive text were the catalyst for many more im-
portant publications that followed, including numerous
reports by the US-based National Research Council and
the National Highway Traffic Safety Administration
(Rivara 2001). Like Gordon (1949) before him, one of
the greatest contributions to injury research by Haddon
(1970, 1980) was his recognition of the Agent, Host and
Environment triad. Haddon’s (1970, 1980) efforts to co-
ordinate three distinct injury prevention phases (i.e. pre-
event, event, post-event) with the Epidemiological Triad
resulted in the now famous Haddon Matrix for injury
prevention interventions. The Haddon Matrix is widely
used to conceptualise the candidate risk factors, tempor-
ality, and the mechanisms of injury, and has been
applied in a number of different injury contexts (Scott-
Parker and Morang MacKay 2015). The addition of a
third dimension to Haddon’s Matrix by Runyan (1998)
introduced value criteria to enhance the efficacy and ef-
fectiveness of injury prevention interventions. Runyan’s
(1998) suggested criteria included: (i) effectiveness; (ii)
cost; (iii) freedom; (iv) equity; (v) stigmatization; (vi)
preferences, and; (vii) feasibility.
Causal concepts in sports injury epidemiology
Contemporary models of sports injury aetiology have
broadly visualised how a multitude of risk factors pre-
dispose and subsequently leave athletes susceptible to
sustaining injury. These models have developed incre-
mentally over time, being grounded in the broader
causal concepts that have been outlined thus far.
Meeuwisse (1994a) was one of the first sports medi-
cine researchers to discuss the importance of accurately
assessing causation in sports injury research. In particu-
lar, two early articles outlined key principles relating to
the assessment of risk factors, and elucidated why a
multifactorial approach to understanding sports injury
risk was needed (Meeuwisse 1994a, b). Inspired by
causal concepts in the disease literature, Meeuwisse
(1994a) created his new multifactorial model of athletic
injury aetiology. The model included the relationship be-
tween intrinsic (e.g. maturational stage, somatotype, bio-
mechanics, conditioning) and extrinsic (e.g. weather,
footwear, terrain, competitive rules) risk factors and
sports injury. According to the model, any given athlete
has a unique predisposition for injury based on their
own intrinsic set of risk factors, and further external risk
factors acting ‘from outside’ render the athlete suscep-
tible to injury. The multifactorial model was revised just
over a decade later, prompted in part by the presentation
of a new operational cyclical model by Gissane et al.
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(2001), alongside later suggestions (Bahr and Holme
2003; Bahr and Krosshaug 2005). The updated model ef-
fectively advanced the initial linear paradigm of injury
causality to a dynamic model in which a given athlete’s
susceptibility to injury could continually change accord-
ing to many adaptations or maladaptations that occur
with continued sports participation (Meeuwisse et al.
2007) (Fig. 1).
A biomechanical perspective on sports injury causality
illustrated a number of considerations that added com-
plexity to sports injury causality (McIntosh 2005).
McIntosh (2005) drew upon his own research, and ratio-
nalised that the use of protective headgear might not
affect sports injury risk, for better or worse, if that par-
ticular intervention were to modify the behaviour and
attitudes of its user. The model visualised how personal-
ity, level of competitiveness and exposure to coaching
practices interplay with environmental and biomechan-
ical properties to influence injury risk. Ultimately,
McIntosh (2005) explained how injury prevention pro-
grams might not work to their full capacity if physical
loads are reduced through intervention, yet an increase
in kinetic energy exchange and higher forces are encour-
aged through the actions and desires of coaches and ath-
letes. Hagel and Meeuwisse (2004) similarly dedicated an
earlier paper to the notion of risk compensation in the
sports injury context. They argued that, despite the best
intentions of researchers’ to introduce sports injury
countermeasures, interventions might not always have
the desired effect. Their conclusion emphasised the im-
portance of conducting injury prevention studies for de-
termining whether countermeasures are efficacious
through evaluating their net benefit (Hagel and
Meeuwisse 2004).
Proposing a complementary research agenda for
sports injury aetiological research
Existing sports injury prevention frameworks have been
valuable for outlining and facilitating the overall research
process. For instance, stage two associated with both the
Sequence of Prevention model (van Mechelen et al.
1992) and the Translating Research into Injury Preven-
tion Practice (TRIPP) framework (Finch 2006) specifies
that the implementation and evaluation of injury preven-
tion interventions cannot occur until risk factors and
mechanisms of injury have been firmly established. Ac-
cordingly, aetiological research requires a multidisciplin-
ary approach, including not only biomechanical and
clinical studies, but also investigations with a focus on
behavioural and motivational factors (Finch 2006).
Fig. 1 A dynamic, recursive model of etiology in sport injury (Meeuwisse et al. 2007)
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Despite this, very few original studies in the uninten-
tional injury and sports injury literature have used be-
havioural and social science theories in order to facilitate
the uptake and maintenance of injury prevention inter-
ventions (Trifiletti et al. 2005; McGlashan and Finch
2010). This is concerning given that injury research,
whether focused on aetiology or prevention, has to occa-
sionally reach above and beyond not only the biomedical
and clinical sciences, but also the behavioural and mo-
tivational levels to truly make a difference (Allegrante et
al. 2010). In other words, incorporating injury determi-
nants as they relate to policy development and legisla-
tion are also crucial for prevention purposes, yet they
too have only featured on a very limited basis in sports
injury research.
In one of very few examples, Cameron et al. (1994) ex-
plained that before regulations specified that bicycle hel-
met use was mandatory, the overall uptake of this injury
prevention intervention was less than adequate. If people
do not know, appreciate, or consider that particular in-
jury countermeasures are necessary for enhancing their
personal safety, there will be little incentive to use them.
Accordingly, to increase the effectiveness of an interven-
tion to reduce severe eye injuries amongst squash
players, Eime et al. (2005) collaborated with the Victor-
ian Squash Federation, leading eyewear manufacturing
companies and sports venue managers. This was along-
side behavioural and motivational strategies to ensure
both the uptake and efficacy of the program was suc-
cessful (Eime et al. 2004).
More recently, Finch and Donaldson (2010) developed
a novel extension to the RE-AIM (Reach; Effectiveness;
Adoption; Implementation; Maintenance) framework,
through the Sports Settings Matrix to identify the mul-
tiple levels of the sports delivery setting (e.g. national
level through to a club, team and individual level that
impact on injury prevention). The authors’ stressed that
the attitudes and knowledge towards injury prevention
interventions need addressing, but equally, the setting,
culture, and infrastructural support networks in which
programs are to be delivered are also essential consider-
ations for the success of initiatives. For injury prevention
interventions to have the best chance of working,
practice-based research that aims to measure the con-
textual determinants of program effectiveness is required
to translate efficacy into effectiveness; but alone, this is
not enough. Even prior to implementation, it is impera-
tive to reconcile differing perceptions of injury causation
(Hanson et al. 2012).
The current state of sports injury aetiological research
Contemporary models of sports injury aetiology have
been influenced by a doctrine of scientific objectivity
and engineered under a biomedical construct. This
means that injury mechanisms have primarily been
understood from a biophysiological and biomechanical
perspective. Despite being useful for calibrating research
priorities and enhancing injury prevention efforts, such
models have always directed attention to the individual
athlete (i.e. age, gender, strength, neuromuscular control,
equipment, training surface etc.) (Meeuwisse 1994a;
Gissane et al. 2001; McIntosh 2005; Meeuwisse et al.
2007). This promotes a view that the science of sports
injury control is best characterised by reducing the in-
jury mechanism down to a level that only educational,
behavioural and medically-oriented interventions can
address. If not called into question, a biomedical and ob-
jectivist epistemic tradition will continue to lead sports
injury researchers to believe that athletes are ‘free’ agents
who can always ‘choose’ their own behaviours. What is
now required is the introduction of a complementary
and alternative conceptual approach for better under-
standing the development and prevention of sports in-
jury. Revisiting the ten ecological principles (Haddon
1970) and re-examining the Injury Iceberg (Hanson et
al. 2005) represents the first step in being able to show
that it is possible to preserve the traditional approach in
sports injury research, yet simultaneously, extend the
horizon beyond it.
Forwards to a systems paradigm
Over the latter half of the Twentieth century, the field of
public health blossomed into a multidisciplinary science
(Rogers 1960). The limitations associated with routinely
targeting interventions at individual-level, health-related
determinants were recognised (Rose 1985; Graham
2004). The controversial ‘The role of medicine. Dream,
Mirage or nemesis’ claimed that the primary reasons for
improvements in health-related outcomes in the
developed world, at least post Eighteenth century, were
nutritional, environmental and behaviourally-related
(McKeown 1979). With increasing awareness that the
process of scientific reductionism was not the sole an-
swer to many public health issues, early government pol-
icies (Lalonde 1974), associated literature (Blum 1974;
Dever 1976), and pivotal comprehensive global agendas
by the World Health Organisation (1986) recalibrated
focus upstream to a political and societal-level (Graham
2004). Around the same time, calls for a greater em-
phasis to be placed on social science theory (Cassel
1964, 1976) and social reformation strategies to address
socioeconomic inequalities (Wing 1984, 1988) started to
catalyse some of the more recognised ecological models
of health (e.g. Dahlgren and Whitehead 1991; Green and
Kreuter 1999; VanLeeuwen et al. 1999).
A reorientation of focus to upstream health-related
determinants nurtured a quiet tension and scientific
divide with regard to how disease pathogenesis and
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pathophysiology could best be investigated and under-
stood. One school of scientists preferred to reduce
disease down to a molecular level and study its
pathogenic mechanisms, especially given technological
advances in the fields of biology and genetics (Van-
denbroucke 1988). Vandenbroucke (1988) drew a
comparison between the Nineteenth century’s miasmic
theory and the modern day environmentalist move-
ment striving for social change. Conversely, another
school of scientists believed that historical, social, and
geographical factors had been, and still were, equally
responsible for the aetiology of many diseases along-
side the specific-agent position (Loomis and Wing
1990). Loomis and Wing (1990) identified the similar-
ity between Vandenbroucke’s (1988) molecularised
epidemiology and the previous century’s germ theory.
In ‘The Limits of Epidemiology’, Wing (1994) claimed
that the field of epidemiology was vulnerable to being
labelled as a ‘basic science’ if practitioners were to con-
tinue viewing exposure-disease relationships as self-
contained, homogenous and universal phenomena. In
other words, generalised assumptions and inferences de-
rived via experimental and observational study designs
need to reflect the social, political, and economic dimen-
sions to which exposure(s) are influenced (Wing 1994).
Consequently, in a series of papers, Susser and Susser
(1996a, b) and Susser (1998) argued that the field of epi-
demiology required a theoretical shift to encourage the
emergence of a new scientific paradigm titled ‘eco-epi-
demiology’. The brilliance of this work, though, was not
necessarily with a proposed eco-epidemiological para-
digm, but the ability to outwardly project into the future
(Susser and Susser 1996b; p.676):
“…one must also take heed of another emergent
paradigm. Information systems combined with systems
analyses might well lead into a systems paradigm,
with its own attractions for mathematically minded
epidemiologists…”.
With recognition for Haddon’s (1970) early concept of
ecological injury prevention, and Green and Kreuter’s
(1999) ecological approach in the context of health pro-
motion, Hanson et al. (2005) presented their metaphor-
ical iceberg of injury prevention for the application of
community safety interventions. The model visualised
that above the water’s surface and within the iceberg’s
tip lies a single level containing: (i) intrapersonal factors
(e.g. behaviour, biology, psychology). But below the
waterline in the socioecological depths were an add-
itional four levels. These were: (ii) interpersonal (e.g.
home, family); (iii) organisational (e.g. occupation, heath
organisations); (iv) community (e.g. social class, public
facilities), and; (v) society (e.g. infrastructure,
government policy). Both Haddon (1970) and Hanson et
al. (2005) identified that the aetiology and prevention of
injury, like disease, is grounded in an intrinsically eco-
logical concept, and the individual is merely the salient
‘tip’ of the iceberg (Fig. 2).
In the case of the Injury Iceberg, a socioecological per-
spective towards injury control has many benefits, and
draws attention to: (i) the importance of ergonomic and
environmental design; (ii) the sustainability and alloca-
tion of resources (e.g. personnel availability to financial
budgeting); (iii) the value of community engagement and
empowerment, and; (iv) how multiple countermeasures
and interventions at different levels can maximise the
ability to attenuate risk and prevent injury (Hanson et al.
2005; Allegrante et al. 2010). On the other hand,
socioecological models are, first and foremost, only
conceptual frameworks in which to challenge the bio-
medical paradigm of individualism which originated
out of the ‘medical model’ of both disease and injury
(Eime et al. 2004, 2005). For instance, any given
socioecological model does not identify discrete fac-
tors, nor does it attempt to substantiate the strength
and temporality of causal effects across its entire
framework. In a similar manner, Hill’s (1965) consid-
erations for causation and Rothman’s (1976; 2005)
model, despite having had a positive impact on con-
temporary epidemiological issues (e.g. Potischman and
Weed 1999; Grant 2009; Ronksley et al. 2011), have
also been regarded as ‘heuristics’ that are limited in
their scope and application (Koopman and Lynch
1999; Phillips and Goodman 2004, 2006; Marshall and
Galea 2014). Notwithstanding the promising evolution
of multicausal theory in epidemiology, many import-
ant public health issues stand resilient in spite of the
best intentions to design and implement suitable in-
terventions (Marshall and Galea 2014). Another con-
ceptual approach known as ‘systems thinking’, which
builds on the strong theoretical foundation that is of-
fered by socioecological models, has potential and
should be considered for better understanding the de-
velopment and prevention of sports injury.
Thinking in ‘systems’
Systems thinking is a unique science that partly emerged
out of General Systems Theory (Bertalanffy 1969), and has
been further refined by academics from the fields of
engineering and organisational safety (e.g. Checkland
1981; Ackoff 1971) alongside scientists located at the
Massachusetts Institute of Technology (Senge 1990). Sys-
tems thinking shares the multifaceted framework that is
offered by socioecological models of health (Dahlgren and
Whitehead 1991; Green and Kreuter 1999; VanLeeuwen
et al. 1999; Hanson et al. 2005), but elaborates with its
own theory and principles. In other words, socioecological
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and systems thinking approaches are conceptually syn-
onymous, but particular systems thinking techniques offer
methodological and analytical rigour to an already primed
ecological framework. A succinct definition of systems
thinking has been provided by Trochim et al. (2006;
p.593):
“Systems thinking is a general conceptual orientation
concerned with the interrelationships between parts
and their relationships to a functioning whole, often
understood within the context of an even greater
whole. It is ancient in origin and familiar to us all, but
it is also something very modern”.
System thinking theory and principles
A number of systems thinking principles are well recog-
nised (Sterman 2006; Diez Roux 2007; Dekker 2011): (i)
complexity in the system arises from multiple webs, rela-
tionships, and interactions between a large number of
heterogeneous factors; (ii) the knowledge associated with
a given actor, agent or factor in the system is limited and
localised to its respective sub-system or level; (iii) history
plays an important role in the system, and past events
explain present and future behaviour; (iv) interactions in
the system can include non-linear self-reinforcing and
self-correcting feedback loops (i.e. reciprocity), which
might produce an emergent effect (i.e. small initial
events can reverberate exponentially and produce a dis-
proportionately larger consequence in time, otherwise
known as ‘sensitivity on initial conditions’); (v) complex
systems are homeostatic: they persist, adapt, and are
continually in flux to enable reconfiguration in response
to internal or external influence and change; (vi) systems
are counterintuitive, and aetiological processes can be
vastly distant in time and space, and; (vii) systems can
be resistant to obvious solutions (i.e. seemingly reason-
able strategies can actually worsen the issue). The corol-
lary of these characteristics is that adverse events,
including injury, are emergent properties that arise from
the many decisions, actions and interactions between ac-
tors and agents across the entire system.
Principles in practice
Systems thinking principles violate the overall premise
associated with the ‘chain-of-causality model’ (Leveson
2011). For instance, simply working backwards from the
injurious outcome, whilst pinpointing particular failures
interspersed by human error, is a process divorced from
systems concepts such as nonlinearity and emergence.
In a similar way, epidemiologists generally prioritise the
study of proximal downstream causal effects (Glass et al.
2013). Certainly, it is more feasible to conduct observa-
tional studies and randomised controlled trials with co-
horts of individuals, than it is to examine the nature of
Fig. 2 The Injury Iceberg (Hanson et al. 2005)
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upstream influences across the broader social structure
(i.e. the behaviour of powerful corporate entities, tax sys-
tems, and political processes) (Hernán 2015). This point
is no better illustrated than by current models of sports
injury aetiology which have primarily been concerned
with the individual athlete and their immediate environ-
ment. The revised model of athletic injury aetiology
(Meeuwisse et al. 2007), for example, represents a sound
attempt at advancing the initial static and linear para-
digm, but systemic and interpersonal determinants are
not featured. According to systems theory, any given sys-
tem is characterised by continual adaptation and change
involving multiple sub-systems. These sub-systems are
further comprised of many interconnected compo-
nents that are fundamentally different, including non-
biological elements (e.g. amenities, products), along
with individuals, communities, organisations, regula-
tory agencies and political bodies. Ultimately, injury is
the result of the many complex interrelated processes
that need to be understood, and not the events and
conditions in the system per se that produce emer-
gent behaviour (Leveson 2011).
The application of system-based principles also have a
number of analytical implications in terms of conventional
epidemiological approaches. For example, given that it is
necessary to study a system as a whole instead of isolating
relationships between individual factors, the underlying
assumptions that are commonly used in traditional statis-
tical modelling are divorced from systems theory (Ip et al.
2013). This does not mean that systems thinking dismisses
or acts as a substitute for scientific reductionism or linear
modelling. Rather, system-driven approaches are viewed
as supplementary to reductionist approaches, and can
even include data derived via traditional statistical
methods (Trochim et al. 2006). In response to the promul-
gation of an ecological understanding of health-related
processes, more sophisticated analytical techniques are
available, such as multilevel analyses and random effects
models (Luke and Stamatakis 2012; Galea and Ahern
2006). Despite being able to adjust for potential confound-
ing, a fundamental limitation associated with all
regression-based analyses lies with their inability to
account for system-wide phenomena, such as self-
reinforcing and self-correcting feedback mechanisms or
causal effects that are time-distant from the outcome (i.e.
the use of longitudinal snapshot data at predefined inter-
vals) (Galea et al. 2010). Illustrative models such as Di-
rected Acyclic Graphs and Structural Equation Modelling
(e.g. path analysis) are used for different ends, and have
even featured in sports injury research (e.g. Shrier and
Platt 2008). However, these types of diagraphs are mostly
concerned with the visualisation of traditional statistical-
related subject matter at a single level (e.g. adjusted effect
estimates and directed dependencies) (Pearl 1995;
Greenland et al. 1999; Shipley 2002; Greenland 2003;
Olobatuyi 2006; VanderWeele and Robins 2007). Effect-
ively, a systems approach attempts to understand the
underlying processes along with the overall functioning of
a system in relation to its principles, rather than to iden-
tify individual causal effects between isolated parameter
estimates (Diez Roux 2007).
A brief overview of available system-based methods
Although not formally recognised as such in the literature,
there are two main systems-related fields. At one end of the
systems thinking continuum lies computational system sci-
ence methods which includes three prominent techniques:
Agent Based Modelling (ABM), System Dynamics, and
Network Analysis (Bonabeau 2002; Trochim et al. 2006;
Marshall and Galea 2014). Both ABM and System Dynam-
ics are computer-based simulations that have the ability to
produce emergent behaviour after equations and rules have
been assigned to individual elements in the system (Resni-
cow and Page 2008; Galea et al. 2010; Luke and Stamatakis
2012) (i.e. predict the potential spread of global infectious
pandemics and patterns of climate change). These methods,
however, have also had epidemiological applications to
chronic disease (Ness et al. 2007), Human Immunodefi-
ciency Virus transmission and prevention (Aral et al. 2010;
Marshall et al. 2012), substance-abuse (Moore et al. 2009;
Gordon et al. 2006), physical inactivity (Yang et al. 2011),
and dietary practices (Auchincloss et al. 2013). In terms of
injury, System Dynamic modelling has been discussed as a
way to strengthen the understanding of upstream activities
in order to identify key political leverage points for injury
prevention purposes (Ferencik and Minyard 2011).
The other end of the systems thinking armamentarium
belongs to the science of Applied Human Factors and
Ergonomics (AHFE), which historically, has been con-
cerned with the detailed analyses of accidents. The
AHFE literature also contains three prominent systems-
based methods (Salmon et al. 2012): Rasmussen’s (1997)
Risk Management Framework, Reason’s (1997) Swiss
Cheese model (Salmon et al. 2010), and Leveson’s (2004)
Systems Theoretic Accident Modelling and Processes
model. Application of these three AHFE systems meth-
odologies has been dependent on the skill and experi-
ence of the systems analysts who have used them.
Historical data, witness reports, expert consensus, and a
range of other qualitative methods of inquiry are re-
quired to facilitate the identification of system failures
associated with accidents and injury. This subjectivity
could be regarded as an inherent limitation associated
with these methods and models. Nevertheless, AHFE
systems-based methods have been successfully used for
accident analysis and injury control purposes in a num-
ber of contexts, including the firearm (Jenkins et al.
2010), industrial (Goode et al. 2014), rail (Read et al.
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2013), outdoor activity (Salmon et al. 2014), and road
safety (Scott-Parker et al. 2015) systems. The successful
operationalisation of AHFE systems-based methods
demonstrates that these approaches are viable, practical,
and highly versatile.
A case in point from the sports injury literature
The potential value of systems thinking principles can
be illustrated in the context of sports injury by using the
activity of distance running as an example. This particu-
lar exercise modality, whether for recreational or com-
petitive ends, has been chosen given its popularity,
accessibility, and the plethora of health-related benefits
associated with it. The term ‘the distance running sys-
tem’ will exemplify this scenario based on research from
another context (Scott-Parker et al. 2015).
The distance running system in which a runner resides
is comprised of many levels, including but not limited
to: (i) equipment and the physical training environment;
(ii) the runner themselves; (iii) wider social networks in-
cluding other runners; (iv) occupational habits and life-
style practices; (v) fitness trainers and coaches; (vi)
running and fitness clubs and associated policies; (vii)
community healthcare services; (viii) athletics associa-
tions and official governing bodies, and; (ix) the wider
political and regulatory environment. Certain outputs in
the distance running system, such as injury, result from
the synergistic interaction between its many various het-
erogeneous elements. Consistent with contemporary
models of sports injury aetiology (Meeuwisse et al.
2007), the most utilised epidemiological approach has
been to collapse the distance running system down, and
reduce injury mechanisms to the biomechanical and be-
havioural levels only (van Gent et al. 2007; Nielsen et al.
2012; Saragiotto et al. 2014). From there, it has been
possible to examine particular causal effects of interest
(e.g. Boldt et al. 2013; Bredeweg et al. 2013; Rodrigues et
al. 2013; Nielsen et al. 2014), such as isolating the associ-
ation between isokinetic strength variables and injury
using traditional statistical modelling (e.g. Messier et al.
1995). On the other hand, reassembling the distance
running system after identifying statistically significant
variables (on the tacit assumption that the whole cannot
be greater or less than the sum of its parts), now re-
quires supplementation with a systems approach. This
will involve traversing ‘up and out’ of the system to also
identify and examine the contribution of indirect influ-
ences and systemic processes as they relate to running
injury development. This includes, for example, the mar-
keting, distribution and uptake of running footwear, the
design of built environments, social expectations and
norms, emerging technologies and the role of ‘e-health’,
athletic policies, and the influence of private industry
and healthcare services.
In reconciling systems concepts with epidemiology,
Pearce and Merletti (2006) argue that the health of a
population can be viewed as a complex adaptive system.
By definition, this premise can be extended to athletic
populations, including distance runners. But as Diez
Roux (2007) has reasonably asked, what would a systems
perspective actually look like in practice? The answer to
this question is dependent on which systems-related
field and method is adopted. Computational system sci-
ence techniques and AHFE methods both show great
promise for a variety of topics, but the former are inher-
ently quantitative and the latter qualitative. It can be said
with certainty, however, that both ends of the systems
thinking continuum necessitate a team of multidisciplin-
ary practitioners, each with unique skillsets and know-
ledge regarding how to operationalise a particular
methodology (Ferencik and Minyard 2011). In order to
answer questions about complex causal phenomena, epi-
demiologists are encouraged to find the ‘middle ground’
between traditional epidemiological inquiry, and the ab-
stract mental models found in the social sciences
(Marshall and Galea 2014; Hernán 2015). Even though
systems thinking is an appropriate starting point in
which to reconcile data with theory, it still remains to be
widely accepted across a number of scientific disciplines.
This is because system-based methods are still in a stage
of maturation and refinement. Currently, it is not pos-
sible to produce a numerically precise systems-based
model that simultaneously preserves the face validity
underpinning the nature of reality (Ip et al. 2013). This
delicate balance between statistical precision and eco-
logical realism, however, might be viewed as a welcome
trade-off for sports injury prevention research. There-
fore, we contend that the future study of causality in
sports injury research lies with a mutually inclusive an-
swer: continue to utilise traditional epidemiological ap-
proaches, but also embrace the possibilities associated
with a systems thinking approach.
Conclusion
Reflecting back on the historical context in which causal
concepts in epidemiology have been formulated is im-
portant for establishing scientific progress, and presents
the opportunity to inform future perspectives. The jour-
ney from the theory of monocausality in the late Nine-
teenth century to multifactorialism in the modern
scientific era is only the beginning. Bar a few exceptions
to the general rule, the main focus of sports injury
aetiological research to date has been on risk factor
identification at the individual component cause level.
Some have argued that the next step for sports injury re-
search is to further embrace an ecological perspective
that supplements the biomedical tradition – both in
terms of aetiology and the implementation of injury
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prevention interventions. However, rapid developments
in the broader field of public health and Applied Human
Factors and Ergonomics, are fast moving beyond the
socioecological era. In fact, recognition for the potential
of systems thinking methodologies and analyses has
already gained traction in other injury contexts. The ad-
vancement of sports injury prevention research will re-
quire that epidemiologists bring their knowledge and
skillsets forwards in an attempt to use, adapt, and even
refine existing systems-based approaches. Alongside the
natural development of conventional scientific method-
ologies and analyses in sports injury research, moving
forwards to a complementary systems paradigm is now
required.
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5.5 SUMMARY 
Chapter Five explained what the distance running system could look should a general systems-based 
research approach be taken.  The latter includes consideration for the causal processes underpinning RRI 
development which reside above and beyond the intrapersonal level of the runner.  Examples represent 
the influence of political and legislative determinants, as well as the role that healthcare services and 
technologies might play in its aetiology and prevention.  Because systems-based research methods aim to 
achieve a high degree of generality and realism, they are an attractive proposition for RRI prevention 
research.  Chapter Five does however, also recognise that where traditional scientific approaches are 
numerically precise and highly specified in relation to formulating a given causal inference about RRI 
development, systems-based research methods involve many different assumptions and can only operate 
at higher levels of abstraction.  Such is the case for certain methods native to the field of human factors 
and ergonomics.  Recently published articles that suggest new ways of studying the sports injury problem, 
and others which recommend the use of a complex systems-based research approaches, have now cited 
the paper presented in this chapter (78-80).  Evidently, the endorsement to move beyond the identification 
of discrete individual-level risk factors for enhancing sports injury control is starting to gain traction in 
the wider literature. 
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6.0 USING SYSTEMS ERGONOMICS FOR RUNNING INJURY PREVENTION 
Hulme, A, Salmon, P.M, Nielsen, R.O, Read, G.J.M, Finch, C.F. 2016. Closing Pandora’s Box: 
Adapting a systems ergonomics methodology for better understanding the ecological complexity 
underpinning the development and prevention of running-related injury. Theoretical Issues in 
Ergonomics Science; doi: 10.1080/1463922X.2016.1274455 
6.1 STUDY QUESTION 
What levels, components, and relationships should be included in a ‘complex systems model’ of the 
Australian distance running system? 
6.2 STUDY AIMS 
• Describe the strengths and limitations associated with traditional epidemiological and clinical 
research-based applications in the context of RRI causation 
• Create a prototype Australian distance running ergonomics systems model based on the STAMP 
method 
6.3 OVERVIEW 
In building on Chapter Five, which suggested that a general systems-based research approach should be 
taken, Chapter Six uses the STAMP method to inform the creation of an Australian distance running 
systems model.  The STAMP method has traditionally been used to examine the causal processes 
underpinning adverse incidents and injury across several industrial and engineering sociotechnical 
systems.  Because of STAMP’s success in identifying latent failures and systemic factors that have 
precipitated disastrous outcomes in a range of safety-critical domains, its use is supported for better 
understanding the development and prevention of RRI from a holistic and ecological viewpoint.  For that 
reason, the aetiology and prevention of RRI can be viewed as a ‘control problem’ whereby the inadequate 
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enforcement of safety-related constraints across the distance running system ultimately leads to risky 
behaviours.  Moreover, not only is STAMP a suitable methodology from a control theoretical point of 
view, but it also takes into consideration the control and feedback relationships that occur across the 
chosen sociotechnical systems hierarchy. 
Chapter Six critically discusses the strengths and limitations associated with scientific study designs of 
the observational kind, particularly in relation to affording knowledge about how best to manipulate 
biologic and behavioural exposures to reduce the risk of RRI with a hypothesised prevention intervention.  
The shortcomings of traditional epidemiological and clinical research-based applications are further 
explained, perhaps the greatest of which is that classic reductionist studies are exquisitely adept, yet 
equally limited, at identifying only the ‘low hanging fruit’ associated with injury and disease aetiology 
(i.e. quantifying the causal effect associated with proximate exposures).  The paper underpinning Chapter 
Six was accepted for publication in the international peer-review literature by Theoretical Issues in 
Ergonomics Science on 15 December 2015, and was published (online first) on 6 March 2017. 
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ABSTRACT
The popularity of running as a form of exercise continues to increase
dramatically worldwide. Alongside this participation growth is the
burden of running-related injury (RRI). Over the past four decades,
traditional scientiﬁc research applications have primarily attempted
to isolate discrete risk factors for RRI using observational study
designs as commonly used in public health epidemiology.
Unfortunately, only very few randomised controlled trials have
evaluated the efﬁcacy associated with a well-speciﬁed RRI
prevention intervention. Even though the knowledge about risk
factors as generated in observational studies is valuable for better
understanding why RRI develops, it nonetheless means that there
remains a major knowledge gap about how best to prevent it,
especially in a way that fully addresses all causal factors. Alongside
the continuing use of traditional scientiﬁc approaches, a particular
systems ergonomics methodology should also be considered in
light of its potential to visualise the complete distance running
system. This article adapts the Systems Theoretic Accident Mapping
and Processes (STAMP) model to the RRI research prevention
context. The direct application of STAMP might offer new
knowledge about how to prevent RRI, such as exposing questions
around the feasibility of adopting novel injury prevention
interventions that do not directly target runners themselves.
KEYWORDS
Systems ergonomics;
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Relevance to human factors/ergonomics theory
This is the ﬁrst piece of scholarly work to apply systems ergonomics theory to the context of dis-
tance running-related injury. The results generated in this work will have direct implications to
both future research and the end users of the distance running sociotechnical system as presented
in this manuscript.
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Introduction
In Greek mythology, Pandora’s Box was an artefact said to contain the ‘evils of the world’.
According to the legend, when curiosity took hold of the bearer, the seemingly innocuous
act of opening the box would have unexpected and deleterious consequences. This
peculiar sense of ancestral inquisitiveness is a perpetuating trait of the human condition
(Litman 2005). Indeed, despite humankind’s general desire to achieve a state of solidarity
in the search for broader ontological meaning, our innate curiosity in better understand-
ing the natural world is not necessarily a good thing when devoid of critical introspection.
So, what of the same degree of curiosity and interest for particular scientiﬁc topics of
the modern day? The topic which concerns us here is the sporting activity of distance
running, a popular physical pastime that provides enormous health beneﬁts for the
individual (Hespanhol et al. 2015), yet equally, is struggling to move past the barrier of
musculoskeletal injury that afﬂicts many of its adherents (Kluitenberg et al. 2015;
Videbæk et al. 2015).
Since the late 1970s, the scientiﬁc literature underpinning the development and
prevention of running-related injury (RRI) has experienced considerable growth
(Nielsen et al. 2012; Hulme et al. 2016). Few risk factors have been identiﬁed, with a
history of previous injury being the most strongly supported (van Gent et al. 2007;
Saragiotto et al. 2014; Hulme et al. 2016). Accordingly, further scientiﬁc investigations
are now required to rule out, or not, the existence of a casual effect associated with the
vast majority of other RRI exposures (Fields et al. 2010). However, does further inves-
tigation in this case comprise ‘more of the same’? Should running injury prevention
researchers habitually reduce understanding of a given causal mechanism by quantify-
ing the contribution of individual-level risk factors selected a priori? From an analyti-
cal standpoint, traditional epidemiologic applications have attempted to produce effect
sizes and adjusted measures of association linking time-ﬁxed RRI exposures to injury
risk using statistically driven analyses (van Middelkoop et al. 2008; Buist et al. 2010;
Malisoux et al. 2013). Considerable methodological heterogeneity across studies, such
as the use of different injury deﬁnitions and varied population samples, has also
challenged the feasibility of being able to quantitatively synthesise data (Hulme
et al. 2016).
Despite the sports medicine research community’s genuine curiosity for, and sincere
interest in, reducing the risk of RRI, knowledge generation about injury causation and its
prevention has accumulated some inertia (Herzog 2016; Hulme and Finch 2016). The
application of traditional behavioural and biomechanical studies to understand the devel-
opment and prevention of injury in distance runners represents the ‘metaphorical prop’
exposing the inside of Pandora’s Box. The proverbial box is certainly a provocative alle-
gory, but it nonetheless signiﬁes that a benign preoccupation to want to isolate biomedical
risk factors, if continued, could start to hinder knowledge progression in relation to injury
prevention efforts. Therefore, were the box to be left in its current ‘open’ position, the aeti-
ology of RRI might be further promulgated as a paradigm-driven phenomenon best real-
ised through the exclusive use of traditional scientiﬁc approaches (Hulme and Finch
2016). Closing it will necessitate the acceptance of original ideas and complementary
methodologies, including a reconsideration of what it means to search for ‘causes’ in
the health-based research disciplines, and how this informs the implementation of
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RRI prevention interventions. A pragmatically oriented philosophical perspective,
characterised by the mutually inclusive use of both cognisant theory and data derived via
highly controlled scientiﬁc inquiry, is now required in the RRI context (Hulme and
Finch 2015).
The purpose of this article is twofold: (1) to describe and discuss the counterfactual def-
inition of causation as it applies to both public health and RRI research; and (2) to outline
why a particular systems-based research approach should now be considered alongside
traditional epidemiologic practice for better understanding the development and preven-
tion of RRI. Accordingly, this narrative comprises two unique sections that will be recon-
ciled by the time of its closure. The ﬁrst section broadly orients around a purely scientiﬁc
understanding of disease and injury causation and prevention as found in the health-
based research disciplines, including the RRI context. The latter half subsequently shifts
focus away from risk factor identiﬁcation to the application of a particular ergonomics
model that, quite literally, conceptualises the Australian recreational distance running sys-
tem and the way in which RRI risk is controlled.
Research approaches to disease and injury causation and prevention in
public health
Epidemiology and the counterfactual deﬁnition of causation
In terms of its operational description, epidemiology is the study and analysis of the distri-
bution and determinants of health, disease and injury in deﬁned human populations
(Australian Epidemiological Association 2010). It is a multidisciplinary science that gen-
erates both descriptive and inferential statistical data, the latter of which can include
highly generalisable parameter estimates around suspected cause–effect relationships
(Webb, Bain, and Pirozzo 2005). There are many advantages associated with the tradi-
tional epidemiological approach, such as offering high levels of numerical precision and
quantitative realism through the reduction of systematic bias (Ip et al. 2013). Epidemiol-
ogy can, therefore, provide detailed information about the magnitude and severity of a
speciﬁc population-level health problem, with the overall intention of quantifying the bur-
den of disease and injury, as well as guiding the implementation of interventions and/or
informing health-related policy change (British Medical Journal 2016). In the RRI context,
epidemiology can provide detailed information about newly and currently injured runners
(i.e. incidence and prevalence), including how many runners sustain injury over a speci-
ﬁed period of time (i.e. usually expressed as the injury incidence rate per 1000 hours of
running) (Videbæk et al. 2015).
With consideration of the highly versatile nature of epidemiologic practice, an integral
aspect of the science is still very much concerned with the identiﬁcation of risk factors for
disease and injury. Around the 1950s, early discussions surrounding epidemiological
observations to elucidate aetiological factors were highly inﬂuential, and contributed to
the further development of mathematical assumptions about statistical associations for
biologic inference formation (Gilliam 1953; Sartwell 1955; Lilienfeld 1957, 1959). The sub-
sequent advent of pioneering epidemiological concepts, such as Hill’s (1965) nine causal
considerations and Rothman’s (1976) sufﬁcient component-cause model, were innovative
in the sense that abstract causal theories were assimilated into methodological causal
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frameworks (Mackie 1965; Lyon 1967; Mackie 1980). Nowadays, it is self-evident that the
true conceptual origins of causation in epidemiology partly emerged out of a metaphysical
understanding about counterfactual reasoning (Simon and Rescher 1966; Lewis 1973a,
1973b). These philosophical roots were subsequently extended into the practical methods
which most epidemiologists now use (Rubin 1974, 1978).
The epidemiologic counterfactual deﬁnition of causation remains the dominant
approach in which to identify risk factors, or determine the efﬁcacy of therapeutic or pre-
ventive interventions for disease and injury (Little and Rubin 2000; Maldonado and
Greenland 2002). Counterfactual logic explains that, all things being equal, the exposure
(XD 1) causes the outcome (YD 1) if the probability of YD 1 given XD 1 is different to the
probability of YD 1 given XD 0 (unexposed) (Parascandola and Weed 2001). Therefore, at
the population level, the average causal effect is expressed as the risk difference, denoted:
Pr(YD 1jXD 1) ¡ Pr(YD 1jXD 0) 6¼ 0. In order to reach these types of subjunctive conclu-
sions, epidemiologists deliberately manipulate exposures by allocating a well-deﬁned
intervention to one of two (or more) study groups in the form of a randomised controlled
trial (RCT) (H€oﬂer 2005a). Notably, it is not considered possible to observe multiple
health-related outcomes under a single condition for the same group of individuals, and
so Pr(YD 1jXD 0) represents the ‘counter-to-fact’ scenario. From a theoretical standpoint,
the RCT is a relatively simple concept, and the processes of randomisation and statistical
control, as well as the administration of a speciﬁc intervention, make it the most effective
and reliable method in which to establish the cause or prevention of disease or injury
(as will be later shown, this statement is dependent on the absence of systematic bias,
interventional noncompliance and chance). More often than not, random group alloca-
tion or the delivery of an intervention is ﬁnancially, logistically or ethically impractical,
and so observational study designs are used in lieu of the RCT (H€oﬂer 2005b).
The validity of using observational versus experimental data for causal inference for-
mation has been a topic of much conversation in epidemiology (Vandenbroucke 2004).
This is because in the absence of randomisation, a wide range of extraneous variables that
operate across the life course will ‘confound’ the observed association between the expo-
sure and outcome (Lawlor et al. 2004). Addressing this problem requires that observa-
tional studies are planned meticulously to account for a host of important lifestyle
differences that are thought to differentiate exposed from unexposed individuals
(von Elm et al. 2007). Closer to home, in the sports injury prevention research context, a
number of observational RRI aetiologic investigations have attempted to control for spuri-
ous relationships with both methodological and statistical approaches. Examples have
included restricting study populations to runners who do not participate in other sports
(Nielsen et al. 2013), matching runners in different exposure groups according to age and
injury history (Miller et al. 2007) and/or stratifying running samples so that a particular
characteristic is shared, such as weekly running distance (Chang, Shih, and Chen 2012).
Statistical adjustment though multivariable regression modelling is also a common
approach in the health-based research disciplines more broadly, and can allow for the esti-
mation of direct effects, which may or may not be causal, given the presence of several
other covariates (Jepsen et al. 2004). For example, by including a range of exposures in a
multivariable model, it was found that histories of previous injury, lower bone mass and
menstrual irregularity were signiﬁcant risk factors for skeletal stress fracture in female
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distance runners (Kelsey et al. 2007). However, caution should still be taken when inter-
preting results produced via variable selection based on p values in multivariable regres-
sion analyses, as this approach might lead to bias in small sample settings (Steyerberg,
Eijkemans, and Habbema 1999). Over the years, the availability of other novel analytical
constructs, such as time-to-event analyses, inverse probability weighting and structural
equation modelling, has also helped to sharpen the estimation of direct causal effects
from observational data (Greenland 2000; Hernan and Robins 2006b; Dekkers 2011;
Naimi et al. 2014; Nielsen et al. 2016).
Despite the practical value associated with the use of analytical techniques in epidemi-
ology, observational study designs are prone to an additional complication, namely, the
absence of a well speciﬁed counterfactual intervention (Hernan 2005). In other words,
modern causal inference methods are useful, not because they have the capacity to isolate
risk factors per se, but because they are highly adept at identifying the effect of a well-
deﬁned intervention on a given health-related outcome (Glass et al. 2013). This delinea-
tion poses somewhat of a quandary; the epidemiologic counterfactual deﬁnition of causa-
tion is profoundly capable when used to identify discrete aetiologic factors, but in doing
so, generally offers only implicit evidence in support of how best these factors can
(or could) be manipulated in the ‘real world’ (Hernan and Taubman 2008). Consider, for
example, a recent cross-sectional study, which after comparing differences between rear-
foot alignment proﬁles in distance runners, found that a higher versus lower medial longi-
tudinal arch signiﬁcantly increased the risk of plantar fasciitis (Ribeiro et al. 2011). In this
case, a range of possible injury prevention interventions could be suggested, including gait
retraining, footwear type, training load modiﬁcation, runner education, proprioceptive
balancing and/or strengthening exercises.
In answering which of the above hypothesised interventions are most optimal for
reducing RRI risk, the next logical step might be to conduct an RCT to determine
whether, for example, the type of running shoe affects the risk of injury differently for
runners who meet criteria for having high arches (Theisen et al. 2013). Even though ran-
domisation followed by the delivery of a well-deﬁned intervention is sound in theory,
RCTs: (1) are not always feasible nor practical to conduct; or, (2) will not necessarily safe-
guard against an unbiased estimate of causal effects (Hernan and Robins 2006a). With
regard to the latter point, reported RCTs across the RRI literature have been affected by
common methodological limitations, such as loss to follow-up (e.g. Cobb et al. 2007),
non-blinding (e.g. Ryan et al. 2010), interventional non-compliance (e.g. Bredeweg et al.
2012) and confounding given small sample sizes (e.g. Jakobsen et al. 1994). Out of these
limitations, interventional non-compliance is particularly problematic as it might bias the
effect of the injury prevention intervention, especially when it is questionable whether or
not distance runners have been exposed to a comparable level of running exposure
(Buist et al. 2008). In turn, these issues necessitate the same degree of due diligence
towards causal inference formation that is associated with the interpretation of observa-
tional studies (Hernan 2004). Therefore, given the feasibility and/or difﬁculties associated
with the conduct of RCTs, observational study designs have often been the only means
available in which to investigate questions about the aetiology of RRI. This has resulted in
the generation of a long list of potential risk factors for RRI, with many still requiring fur-
ther investigation.
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From individual risk factor identiﬁcation to ecological frameworks
The process of identifying risk factors for disease and injury is pejoratively labelled ‘black
box epidemiology’ (Susser 2004; Neutra 2005). Black box epidemiology essentially charac-
terises any health-based research approach that, irrespective of the analytical techniques
used to adjust for confounding factors, seeks to isolate exposure-disease or exposure-
injury observations (Weed 1998). As such, black box epidemiology is limited to identify-
ing input–output associations, and cannot expose the speciﬁc mechanism(s) of aetiology
or prevention (Hafeman and Schwartz 2009). Other authors have, however, disputed the
pejorative black box connotation, and argued that the inner workings of a given causal
mechanism do not necessarily require that they are completely understood in order to
intervene and improve population health (Savitz 1994). In fact, many public health
achievements have been made possible by triangulating the evidence from different scien-
tiﬁc disciplines and study designs, all the while accepting that any observed association
has to ‘make sense’ in terms of it having biological plausibility (Greenland, Gago-Domi-
nguez, and Esteban 2004). It is for this reason that a given observed causal effect in the
health-based research disciplines is more likely to be real when the following conditions
for causation are conﬁrmed (Lorenz and Paneth 2003):
1. the temporal relationship between the exposure and outcome is unequivocal (this is
the only necessary condition for causation, and is determined in study designs that
‘follow’ participants’ forwards over time);
2. a dose-response association can be demonstrated (i.e. more of the exposure causes
more of the outcome as reﬂected by the strength of the effect measure);
3. the relationship has been consistently identiﬁed in a diverse number of populations
across geographic boundaries;
4. a biologically plausible causal theory is proposed.
The above causal conditions can also be demonstrated in the RRI context directly. For
instance, a range of observational study designs have consistently found a signiﬁcantly
increased risk of both general and speciﬁc RRI given a positive history of previous injury
(e.g. Macera et al. 1989; Wen, Puffer, and Schmalzried 1998; Parker et al. 2011; Hirschm€ul-
ler et al. 2012; Hespanhol, Costa, and Lopes 2013; Malisoux et al. 2013; Rasmussen et al.
2013). Across all of these studies, the magnitude of the effect linking previous injury to the
development of subsequent injury was not only universally strong (signiﬁed by a relative
risk estimate  1.51), but a comparable effect direction was also identiﬁed across a diverse
range of running population samples in different geographical locations (Hulme et al.
2016). Biologically plausible explanations have since been proposed in support of why and
how previous injury increases the risk of subsequent injury in both the RRI and general
sports injury prevention contexts (Ryan, Maclean, and Taunton 2006; Finch and Cook
2013; Saragiotto et al. 2014; Hulme et al. 2016). In light of the causal conditions of
temporality, strength, replication and biologic plausibility, the results associated with many
different observational study designs have converged to support the conclusion that
previous injury is a risk factor for subsequent RRI injury development.
Notwithstanding the importance of study replicability and the reproducibility of
epidemiological evidence, the predilection for isolating risk factors for disease and
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injury at a single level of determination has attracted criticism (Terris 1993; Skrabanek
1994; Taubes 1995; Rockhill 2005; McKeown 2009). In the mid-1990s, a series of
articles criticised the black box paradigm, and proclaimed that the ‘hunt’ for individ-
ual-level risk factors would one day be supplanted by sophisticated eco-epidemiologi-
cal approaches (Susser and Susser 1996a, 1996b). The postulated eco-epidemiologic
approach emphasised that determinations of human health were hierarchically organ-
ised, and interpersonal determinants such as political, environmental, cultural and
social factors were inextricably interconnected with those at the proximate biologic
and behavioural level (March and Susser 2006). By the end of twentieth century, the
salient and forceful push for a new era in epidemiology stressed the need for ecological
causal thinking (Susser 1998, 609):
…if [epidemiology] is to rise to meet expectations, we shall have to command both the genies
of molecules at the microlevel, and of social forces at the macrolevel…all systems, molecular
or social, are dynamic. Over time, they select, adapt, and evolve. To capture the causal cycles,
one must attend to time sequences at each level and across levels… in my view, risk factor
epidemiology must change or fail.
Equally discontent with the preoccupation for singling out biomedical causes, other
authors shared the view that epidemiology had to either re-establish its purpose, or face
the prospect of losing its central role as a public health science (McMichael 1999;
Schwartz, Susser, and Susser 1999). The natural evolution of time and progress has not
silenced these strongly held concerns (Pearce and Merletti 2006; Krieger 2012; Kuller
2013).
From ecological frameworks to complex systems
Into the twenty-ﬁrst century, it is increasingly evident that many public health issues are
calling for novel approaches and/or methodological innovation in which to augment the
still prevailing paradigm of risk factor identiﬁcation (Cates 2013; Galea 2013; Keyes and
Galea 2015). Indeed, despite widespread understanding that an ecological framework of
causal processes in the health-based research disciplines might offer new insights for dis-
ease and injury prevention (Krieger 1994; Susser and Susser 1996a, 1996b; Susser 1998;
Schwartz, Susser, and Susser 1999; Susser 2004; March and Susser 2006; Krieger 2012),
certain public health issues which are proving highly difﬁcult to solve, including RRI,
have not yet beneﬁtted from its application. In the sports injury prevention research con-
text, for example, scholars have long advocated the use of an ecological approach that rec-
ognises injury results from the complex interplay between an athlete, their physical and
social environments and sports delivery factors (Eime, Owen, and Finch 2004; Hanson
et al. 2005; Allegrante et al. 2010; Hanson et al. 2012). That is, the occurrence of injury
and its prevention is a ‘wicked problem’ (Hanson et al. 2012), requiring a sophisticated
understanding of the complexity underpinning the implementation of preventive inter-
ventions, including what ‘works’, for whom, when and why – all the while accounting for
how (Bekker and Cark 2016).
More recently, sports injury prevention researchers have started to argue speciﬁcally
for the application of complexity science and/or systems-based research approaches that
effectively build on the ecological paradigm with greater methodological rigour (Hulme
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and Finch 2015; Bittencourt et al. 2016). In particular, established frameworks, such as
Translating Research into Injury Prevention Practice (TRIPP) (Finch 2006), have indi-
cated where consideration of such systems-based approaches, including systemic-related
causal factors for sports injury, are most needed to progress knowledge. The TRIPP
(2006) framework essentially characterises a six-staged evidence-based research process
toward sports injury control:
1. injury surveillance (i.e. establishing the extent of the problem);
2. mechanisms of injury aetiology (e.g. risk factor identiﬁcation);
3. the development of injury preventive measures (i.e. appropriate intervention
selection);
4. the evaluation of injury prevention interventions (i.e. assessing efﬁcacy);
5. a description of the intervention context (e.g. translating efﬁcacy into effectiveness);
6. the evaluation of injury prevention interventions in a speciﬁc implementation
context.
Unfortunately, most sports medicine research is still placed at the early stages of
TRIPP, concentrated on epidemiological data collection and injury surveillance (TRIPP
stage one), as well as on black box studies that attempt to identify risk factors for injury
(TRIPP stage two). For instance, in a systematic review compiling the evidence about risk
and protective factors for RRI (Hulme et al. 2016), the number of observational studies
that had identiﬁed statistically signiﬁcant exposures (n D 29; 45%) far outweighed the
number of RCTs (n D 8; 11%). Even though knowledge about risk factors as generated in
observational studies is valuable, there is nonetheless a major knowledge gap about how
best to develop injury preventive measures, especially in a way that fully addresses all
causal factors for RRI development. As already contended in this article, this is partly a
result of the limitations associated with the routine application of epidemiological
approaches for this speciﬁc purpose. As such, the third TRIPP stage is not an epidemio-
logical phase, but rather, it encompasses the theory and knowledge as produced via other
baseline disciplines in public health research. This includes understanding human sys-
tems, including interpersonal and contextual delivery factors in their entirety, so as to
identify potential solutions within a broad ecological framework (Finch and Donaldson
2010).
Recognition for the powerful inﬂuence of interpersonal determinants alongside indi-
vidual-level causes in epidemiology is nothing new, at least in terms of enhancing under-
standing about disease and injury pathogenesis (McKeown 1979; Wing 1988; Loomis and
Wing 1990; Dahlgren and Whitehead 1991; Fee and Krieger 1993; Krieger 1994; Wing
1994). However, only more recently have certain past lessons been reiterated as both nec-
essary and useful in contemporary scientiﬁc discourse. In better elucidating the nature
and structure of causal mechanisms in public health research, there has been an upsurge
in the number of articles that discuss the need for, and use of, complex systems modelling
approaches (Leischow and Milstein 2006; Midgley 2006; Sterman 2006; Trochim et al.
2006; Ness, Koopman, and Robert 2007; Auchincloss and Diez Roux 2008; Resnicow and
Page 2008; Mabry et al. 2010; Diez Roux 2011; Marshall and Galea 2014; McClure et al.
2015; Bittencourt et al. 2016). Using the obesity epidemic as a case in point to illustrate
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the application of a systems-based methodology, Galea, Riddle, and Kaplan (2010)
explained (99):
If [the cause of obesity] truly reﬂects the combined effects of the interaction of multiple fac-
tors at the genetic, metabolic, behavioural, psychological, social network, built environment,
institutional, food supply and food policy levels, then it would be surprising if it could be
simply understood by reference to a single level of determination.
The same line of reasoning can be extended to the development and prevention of RRI.
Epidemiologic applications have only brought us so far in understanding why RRI
develops, and how best to prevent it. Alongside the continuing use of traditional scientiﬁc
approaches, a number of methods native to the discipline of systems ergonomics should
also be considered in light of their potential to visualise the complete Australian recrea-
tional distance running system. Systems ergonomics methods that build on the idea of
ecological causation and effectively target TRIPP stage 3 (Finch 2006) might offer new
knowledge about how to prevent RRI, such as exposing questions around the feasibility of
adopting selected injury prevention interventions that have not yet been considered.
Research approaches to injury causation and prevention in ergonomics
science
A primer to systems ergonomics
In terms of its operational description, ergonomics is (International Ergonomics Associa-
tion 2016):
The scientiﬁc discipline concerned with the understanding of interactions among humans
and other elements of a system, and the profession that applies theory, principles, data and
methods to design in order to optimize human well-being and overall system performance.
Residing within the broader discipline are three unique sub-disciplines of specialisa-
tion: (1) physical; (2) cognitive; (3) systems ergonomics (Human Factors and Ergonomics
Society of Australia 2016). Systems ergonomics has traditionally been concerned with
topics such as accident causation, organisational resilience, situation awareness, inter-
agency coordination and how between-human and human–machine interactions are
managed within complex sociotechnical systems. Ultimately the goal is to optimise system
performance by using the system as the unit of analysis rather than its individual
components.
There are many examples whereby systems ergonomics practitioners have attempted to
understand how to mitigate and/or prevent hazardous work-related processes in the engi-
neering and industrial environments (Wilson 2014). In fact, the shift towards optimising
safety-related processes in safety-critical domains occurred in the 1970s and 1980s in
response to large-scale incidents such as the Chernobyl, Tenerife and Three Mile Island
disasters (Dekker 2011). Since then, examples of systems ergonomics applications have
included, but are not limited to, the transport (e.g. road, rail, aviation and shipping),
industrial (photochemical processing and nuclear) and public health care systems (Reason
et al. 1990; Baysari, McIntosh, and Wilson 2008; Li, Harris, and Yu 2008; Celik and Cebi
2009; Grifﬁn, Young, and Stanton 2010; Salmon et al. 2013). More recently, systems ergo-
nomics has demonstrated its ﬂexibility with applications outside of the safety-critical
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domains, including sport and outdoor recreation (Clacy et al. 2015; Salmon et al. 2015),
and cyber security (Lacey and Salmon 2015).
In learning from past engineering and industrial disasters and events, it is now widely
accepted that a safe organisational environment can be achieved by designing and/or engi-
neering systems from the ‘top-down’ (Leveson et al. 2009). Reforming and/or developing
new government policy, as well as completely reshaping environments, is oftentimes
more effective than trying to change individual-level determinants of performance and
safety (Holden 2009).
Systems ergonomics incident and injury analysis methods
Systems ergonomics has a number of incident and injury analysis methods at its disposal.
Associated with each method is a distinct theoretical model that conceptualises the many
heterogeneous elements across a sociotechnical system (Carayon 2006). When compared
to common epidemiologic study designs and statistical methods, systems ergonomics
models do not intend to generate precise measures of cause–effect associations. Rather,
the resulting models aim to achieve a high degree of face validity in terms of their general-
ity and realism (Ip et al. 2013). For this reason, a given systems ergonomics application
draws attention to an ecological scale of health determination, including the many subsys-
tems that reside within it.
There are four prominent incident and injury analysis methods that dominate the sys-
tems ergonomics literature: (1) Systems Theoretic Accident Mapping and Processes
(STAMP ) model (Leveson 2004); (2) Rasmussen’s (1997) Risk Management Framework
(RMF) accompanied by the ‘Accimap’ technique; (3) the Human Factors Analysis and
Classiﬁcation System (HFACS) (Wiegmann and Shappell 2003); (4) Functional Reso-
nance Accident Model (FRAM) (Hollnagel 2012). Each method has its own strengths;
however, for the RRI context, some are more important than others. For example, even
though Rasmussen’s (1997) RMF has been successfully operationalised in a range of
highly speciﬁc sociotechnical system contexts (e.g. Cassano-Piche, Vincente, and Jamie-
son 2009; Jenkins et al. 2010; Goode et al. 2014; Scott-Parker, Goode, and Salmon 2014;
Salmon et al. 2014), it does not focus explicitly on control and feedback relationships as
STAMP does (Salmon, Cornelissem, and Trotter 2012). Likewise, the strong theoretical
base associated with STAMP, RMF and HFACS is not shared by FRAM, particularly given
that the latter has traditionally investigated the causes associated with aviation incidents,
and so its domain-generic potential remains questionable (Stanton et al. 2013). Whilst all
of the methods described have their utility, a key requirement for understanding interac-
tions and complexity lies in the ability to describe who resides within the system of inter-
est, and the nature of the relationships that exist between them. Leveson’s (2004) STAMP
model provides this capability through its hierarchical control structure template. It is
contended here that the development of a control structure model represents the ﬁrst
required step in implementing a systems ergonomics approach to RRI.
Overview of the STAMP approach applied to RRI
Control theory forms the theoretical basis for the STAMP model, and promotes the view
that incidents and injury result from inadequate control structures and deﬁciencies
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surrounding the enforcement of health- and safety-related constraints. In other words,
human health and safety are emergent and irreducible properties that are directly con-
trolled or inﬂuenced by policies, procedures, shared values, organisational culture, serv-
ices, people and products (Leveson 2004). For example, biomechanical researchers
investigating the aetiology of RRI in a controlled laboratory setting have determined that
foot pronation during the ﬁrst 10% of stance is a signiﬁcant predictor for anterior knee
pain (Duffey et al. 2000). Whilst this ﬁnding provides useful information for RRI preven-
tion, the development of anterior knee pain can also be understood in terms of a series of
inadequate or absent control-related constraints that increase the susceptibility of RRI in
the already predisposed runner. These control-related constraints (or lack thereof) poten-
tially span the entire sociotechnical system, and ultimately manifest as adaptive or mal-
adaptive behaviours at the individual component-cause level. For example, runners might
receive training-related advice and instruction from a range of sources, including but not
limited to, other runners, athletic coaches and/or via social and general sports media
releases. In turn, these persons and providers of advice are controlled or inﬂuenced by
macro policy-level factors, such as state and local training organisations and sporting
associations that deliver coaching accreditation courses.
The motivations and goals underpinning and driving safety behaviours are, therefore,
also important considerations for preventing RRI. Accordingly, performance-shaping
mechanisms and the context(s) in which runners’ actions and decisions are carried out
depending on the relationships between persons and organisations across the entire dis-
tance running system. Under this view, RRI might not necessarily occur when the predis-
posed runner makes a conscious decision to engage in risky behaviour per se, but rather
because the design and operation associated with the system itself has allowed for certain
maladaptive training-related behaviours to take place. Recreational distance running is, in
and of itself, an autonomously driven activity with arguably few imposed rules and safety-
related constraints for protection against RRI. This self-agency on behalf of the runner
necessitates that the operative processes associated with a given distance running system
STAMP model need to be designed in such a way as to directly or indirectly enforce
appropriate behaviours that help to reduce RRI risk. To achieve this, the control structure
model incorporates a series of hierarchical system levels that include both control (i.e. ref-
erence channels) and feedback loops (i.e. measuring channels) (Figure 1).
Figure 2 shows the adapted STAMP control structure applied to the Australian recrea-
tional distance running system. For the purpose of this article, only system operation has
been visualised, and this provides a starting point for mapping out who resides at the dif-
ferent hierarchical levels, inclusive of control relationships. Development of the model
involved: (1) adapting the systems operation component of the STAMP control structure
levels as shown in Figure 1 to ﬁt the recreational distance running context; (2) identifying
actors and groups who reside at each of the control structure levels; (3) identifying the
control and feedback loops that might exist between the different control structure levels.
These activities were based on information derived from various sources, including docu-
mentation related to recreational running (e.g. Athletics Australia), stakeholder websites
(e.g. Australian Sports Commission, Australian Institute of Sport), the academic literature;
the authors’ own knowledge of the RRI domain (A. Hulme and R.O. Nielsen), and other
authors’ extensive experience in use of systems ergonomics methods (P.M. Salmon and
G.J.M. Read). Three analysts (A. Hulme, P.M. Salmon and G.J.M. Read) worked through
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the model until consensus was reached regarding its structure, components and the rela-
tionships to be depicted.
By identifying relevant actors and organisations, along with the control and feedback
relationships between them, the adapted STAMP model has the potential to provide a
comprehensive account of who and what shares responsibility for the development and
prevention of RRI. In addition, it is possible to examine existing system-wide controls and
identify areas in which they may require strengthening, or alternatively, where new con-
trols could be added. For example, novel solutions could be introduced into the system,
such as strategies that encourage runners to formally register their personal details with a
local athletics club, which would then regularly share training-related advice with its
members in relation to performance goals and injury prevention. Similar to the generation
of a recent adaptation of STAMP to the Queensland road transport system (Salmon, Read,
and Stevens 2016), a ﬁnal RRI STAMP model requires expert ratiﬁcation to ensure face
and content validity. This could be gathered from distance running and systems ergonom-
ics subject matter experts through a consensus generating approach in which the model is
Figure 1. Leveson’s (2004) original Systems Theoretic Accident Mapping and Processes Model (STAMP).
Note: Permission to reuse granted on 11 August 2016 by RightsLink Copyright Clearance Centre.
License number: 3926241265118.
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reﬁned according to a number of speciﬁc questions. The adaptation of STAMP to the RRI
sociotechnical systems context: (1) extends the conceptualisation of what constitutes a
‘system’; (2) fosters theoretical advancement in terms of increasing practical opportunities
for problem resolution and (3) invigorates existing or initiates new conceptual ideas that
bolster the importance of taking a pragmatic approach to solution generation (Davis et al.
2014). This latter point includes the development of potentially effective RRI prevention
interventions that are not amenable to evaluation in traditional scientiﬁc study designs.
Conclusion
The popularity of running as a form of recreational exercise continues to increase dramat-
ically. National and international running festivals, comprising fun runs and park runs,
charity events and major annual marathons, are attracting a growing number of partici-
pants. Alongside this participation growth is the burden of RRI. There is therefore a
requirement for new research to help better understand its causes to inform the develop-
ment of efﬁcacious and effective injury prevention interventions. In the late 1990s, Weed
(1998, 14) proclaimed:
Epidemiologists should get beyond the pejorative connotation of black box thinking by
embracing a systems theory approach while remaining aware of its weaknesses. In doing so,
they will secure access to the broad scope of scientiﬁc knowledge with the behaviour of popu-
lations near one extreme and the behaviour of molecules at the other.
We conclude that the intention of this article is not to propose the reconciliation of epi-
demiology and systems ergonomics for RRI per se, but rather, to argue they be used in
parallel. The challenge of directly integrating the two has, and will continue to, push fron-
tiers of current knowledge and available technologies beyond their present capabilities.
Figure 2. A prototype Australian recreational distance running system modelled using the STAMP
approach.
Note: This ﬁgure can be viewed in high resolution in the supporting supplemental material.
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The following points summarise a number of key themes as they apply to the current
status of RRI prevention research: the epidemiologic counterfactual deﬁnition of causa-
tion has been invaluable for reliably establishing statistically signiﬁcant associations in
black box studies that isolate risk factors for RRI. The counterfactual approach is, how-
ever, best used to identify the effect of a well-deﬁned RRI prevention intervention. Speciﬁc
causal effects are most amenable to evaluation in RCTs. Despite this, RCTs are not always
possible to conduct due to ﬁnancial, logistic and/or ethical reasons, and the few RCTs that
do exist in the RRI literature have common methodological limitations (Jakobsen et al.
1994; Cobb et al. 2007; Buist et al. 2008; Ryan et al. 2010; Bredeweg et al. 2012; Hulme
et al. 2016). Despite the use and availability of both conventional methods and advanced
statistical constructs in which to control and adjust for confounding, successfully prevent-
ing a given RRI depends on how best to manipulate exposure(s) through speciﬁc interven-
tion, particularly when different hypothesised injury prevention interventions will
produce different magnitudes of effect on RRI risk. The overwhelming focus on biological,
behavioural and biomechanical risk factors to date suggests that the individual runner is,
and has been, the most appropriate target for RRI prevention interventions. Implicit in
this assumption is that interpersonal-level determinants ultimately manifest in proximal
RRI factors that are most amenable to change. Because complex systems modelling
approaches have gained traction in the wider ﬁeld of public health, similar complemen-
tary options should now be explored in the RRI prevention context (Hulme and Finch
2015, 2016). One complementary complex system modelling option is a methodology
native to the discipline of systems ergonomics. Adapting STAMP (Leveson 2004) to the
Australian recreational distance running context as presented in this paper offers the
potential for new knowledge about how to prevent RRI, such as exposing questions
around the feasibility of implementing novel injury prevention interventions.
This article shows that a systems ergonomics methodology based on control theory
provides a useful adjunct to traditional epidemiologic applications. Epidemiology starts
bottom-up, and reduces complexity to seek the detailed, objective and quantiﬁable reality
behind observed associations and direct causal effects at the downstream levels. In con-
trast, systems ergonomics starts top-down, and promotes an ecological framework that
includes control and feedback mechanisms between multiple hierarchical levels of deter-
mination. The prototype STAMP model presented in this paper is intended to counteract
the metaphorical prop that has been holding open Pandora’s Box for the better part of
four decades. The next step for systems ergonomists working in the RRI prevention con-
text is to further validate the prototype distance running STAMP model using consensus-
based qualitative research approaches.
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6.5 SUMMARY 
Chapter Six marked, for the first time in the history of RRI prevention research, the application of a 
systems thinking theoretical perspective in the form of a systems-based ergonomics research method.  
Regarding the development and prevention of RRI, the prototype model showed that aetiologic processes 
can also be viewed through a systemic lens that includes an array of indirect influences and ecologic 
determinants.  In the academic systems thinking scientific discourse, the distinction between a systemic 
and localised causal understanding can be elegantly captured in the Aristotelian quote: ‘the whole is 
greater than the sum of its parts’.  As much as it was necessary to promote the benefits associated with 
the STAMP method in the sports injury context, it was equally important for this article to emphasise that 
traditional forms of scientific inquiry must continue to be used where feasible, particularly in the form of 
RCTs.  Nevertheless, the prototype systems model now requires formal ratification from both distance 
running and systems modelling experts so that consensus about its validity can be achieved. 
 
 
 
 
 
 
 
 
 
100 
 
7.0 PRESENTING A NEW RUNNING INJURY SYSTEMS MODEL 
Hulme, A, Salmon, P.M, Nielsen, R.O, Read, G.J.M, Finch, C.F. 2016. From control to causation: 
Validating a ‘complex systems model’ of distance running injury development and prevention. 
Applied Ergonomics; accepted for publication 
7.1 STUDY QUESTION 
How valid is the ‘complex systems model’ of the Australian distance running system? 
7.2 STUDY AIMS 
• Draw on the expertise of distance running and systems modelling experts to validate the 
Australian prototype distance running systems model using a Delphi technique 
7.3 OVERVIEW 
The prototype STAMP model of the Australian distance running system as presented in Chapter Six, now 
requires formal ratification from both distance running and systems modelling experts.  Therefore, the 
purpose of Chapter Seven is to demonstrate consensus about the prototype model’s validity via the use of 
a Delphi technique.  This chapter was submitted for consideration of publication to Applied Ergonomics 
on 15 May 2017, and was accepted for publication on 19/07/2017 
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Abstract 
Introduction: There is a need for an ecological and complex systems approach for better understanding the 
development and prevention of running-related injury (RRI) in the sports injury prevention research literature.  In a 
previous article, we proposed a prototype model of the Australian recreational distance running system which was 
based on the Systems Theoretic Accident Mapping and Processes (STAMP) method.  That model included the 
influence of political, organisational, managerial, and sociocultural determinants alongside individual level factors in 
relation to RRI development.  The purpose of this study was to validate that prototype model by drawing on the 
expertise of both systems thinking and distance running experts. 
Materials and Methods: This study used a modified Delphi technique involving a series of online surveys 
(December 2016- March 2017).  The initial survey was divided into four sections containing a total of seven 
questions pertaining to different features associated with the prototype model.  Consensus in opinion about the 
validity of the prototype model was reached when the number of experts who agreed or disagreed with survey 
statement was ≥75% of the total number of respondents. 
Results: A total of two Delphi rounds was needed to validate the prototype model.  Out of a total of 51 experts who 
were initially contacted, 50.9% (n=26) completed the first round of the Delphi, and 92.3% (n=24) of those in the 
first round participated in the second.  Most of the 24 full participants considered themselves to be a running expert 
(66.7%), and approximately a third indicated their expertise as a systems thinker (33.3%).  After the second round, 
91.7% of the experts agreed that the prototype model was a valid description of the Australian distance running 
system. 
Conclusion: This is the first study to formally examine the development and prevention of RRI from an ecological 
and complex systems perspective.  The validated model of the Australian distance running system facilitates 
theoretical advancement in terms of identifying practical system-wide opportunities for the implementation of 
sustainable RRI prevention interventions.  This ‘big picture’ perspective represents the first step required when 
thinking about the range of contributory causal factors that affect other system elements as well as runners’ 
behaviours in relation to RRI risk. 
Keywords:  Systems ergonomics, STAMP, sports injury prevention, running injury
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1.0 Introduction 
On both a local and global scale, the sporting activity of distance running has been increasing in popularity over the 
last four decades.  This is likely attributable to a growing societal concern around a documented rise in several 
lifestyle-related chronic diseases (Harold et al., 2016, Duck-chul et al., 2017).  As a form of exercise, recreational 
running provides significant beneficial effects on a range of biomedical health indices (Duck-chul et al., 2014, 
Hespanhol et al., 2015), and is the preferred physical activity of choice for many people given its high accessibility 
and relatively low financial cost (Cregan-Reid, 2016).  Furthermore, the growth associated with running-related 
festivals, ranging from charity-based events in regional communities to major annual marathons in some of the 
world’s most iconic cities, is attracting both participants and large crowds of spectators (Strout, 2016).  
Notwithstanding the many health-related benefits that running offers to its regular adherents, the risk of sustaining a 
running-related injury (RRI) can be high.  Depending on the ability level of the runner, the RRI incidence rate has 
been found to range from 2.5 to 33.0 injuries per 1000 hours of running (Videbæk et al., 2015).  Over a ≥12-month 
follow-up period, the time-loss injury incidence proportion in novice, cross-country, and long-distance runners has 
reportedly reached 84.9%, 77.4%, and 43.2%, respectively (Kluitenberg et al., 2015). 
Over the last forty-five years, the science behind RRI causation and prevention has attracted considerable interest 
amongst sports injury prevention researchers.  During that time, there has been a concerted scholarly effort to 
understand the aetiology of RRI from an epidemiological and clinical research-based standpoint (Hulme et al., 
2016a).  In fact, traditional scientific approaches have attempted to identify the effect of discrete training-related, 
behavioural, and/or biomechanical exposures on the risk of developing either general or specific RRI (Buist et al., 
2010, Grau et al., 2011, Bredeweg et al., 2013, Malisoux et al., 2013, Nielsen et al., 2013).  Typical training-related 
and behavioural exposures are related to running practice (e.g. weekly distance, duration, and frequency), diet, 
psychology, footwear, and terrain and surface (Hulme et al., 2016b).  On the other hand, biomechanical 
investigations cover a range of exposures relating to ground reaction force, range of motion, static limb 
measurement, and muscular strength and endurance (Zadpoor et al., 2011, Newman et al., 2013, van der Worp et al., 
2016).  Despite this considerable body of work, several descriptive (Hoeberigs, 1992, van Mechelen, 1992, Hreljac, 
2004, Ryan, 2006, Fredericson and Misra, 2007, Wen, 2007, Fields et al., 2010, Gingrich and Harrast, 2015) and 
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systematic reviews (van Gent et al., 2007, Nielsen et al., 2012, Saragiotto et al., 2014, van der Worp et al., 2015, 
Hulme et al., 2016b) have not been able to offer any compelling reasons for why runners sustain RRI. 
There are many different reasons for why it has been difficult to identify aetiological mechanisms underpinning 
RRI.  Given the time and space required to discuss those reasons, the reader is invited to review them elsewhere 
(Verhagen, 2012, Nielsen et al., 2014, Malisoux et al., 2015, Hulme et al., 2016b, Nielsen et al., 2016).  In this 
article, we argue for a complementary research approach that, alongside the continuing application of 
epidemiological and clinical research-based applications, will help to better understand the range of contributory 
causal factors that precipitate the development of RRI.  More specifically, there is a current need to elucidate the 
many political, organisational, managerial and sociocultural processes that comprise the mediating pathways that 
influence runners’ training-related and behavioural practices in relation to the development of RRI.  To address this 
knowledge gap, and to complement traditional forms of scientific inquiry, this paper proposes the use of systems 
ergonomics research approach. 
1.2 Applying systems ergonomics theory to RRI causation and prevention 
Systems ergonomics is the study of ‘sociotechnical systems’ which examines the interactions between people, and a 
range of organisational and technological factors that influence their beliefs, decisions, and behaviours (International 
Ergonomics Association, 2016).  By extension, the whole of society itself is one large sociotechnical system that is 
evolving at a rate dependant on the introduction of new procedures, knowledge, and technologies (Vicente and 
Chrisoffersen, 2006).  Historically, the application and use of systems-based approaches was reserved for studying 
safety-critical domains as found in engineering and industrial work contexts, particularly in relation to improving 
employee well-being and optimising the performance of human-machine interactions (Walker et al., 2008, Wilson, 
2014).  Given the versatility and utility of these approaches for enhancing safety in other life domains (Holden, 
2009, Salmon et al., 2012), scholars have recently offered compelling arguments for why otherwise ‘simple’ human-
led physical activities are also taking place in systems that are both complex and sociotechnical in nature (Davis et 
al., 2014, Carden et al., 2017). 
In one of our previous studies (Hulme et al., 2017), the Systems Theoretic Accident Mapping and Processes 
(STAMP) method (Leveson, 2004) was used to develop a prototype control structure model of the Australian 
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recreational distance running system.  The prototype model identified who might reside in the overall system (e.g. 
runners, athletic coaches and trainers, community allied health professionals, advocacy groups, and athletics 
governing bodies), as well as what ‘control’ and ‘feedback’ mechanisms might exist between them (Hulme et al.,  
2017).  Its aim was to conceptualise that safe running practices and the management of RRI risk should be viewed as 
a ‘control problem’ that occurs when latent failures and disruptions to the normal functioning and operations across 
the distance running system are not adequately managed or monitored by its contained actors and organisations.  
The prototype model was primarily created to demonstrate the argument that systems ergonomics methods based on 
systems-theoretic approaches to accident analysis have much to offer to sports injury prevention research.  Whilst 
the prototype model is useful from an ecological standpoint, there is a need to validate it to ensure that it accurately 
represents the system under investigation.  Therefore, the purpose of this study was to draw on the expertise of both 
systems thinking and distance running experts to validate the prototype Australian distance running systems model. 
2.0 Methods 
This study used a modified Delphi technique whereby a panel of subject matter experts provided rounds of feedback 
on the content of a prototype Australian distance running systems model (hereby referred to as ‘prototype model’).  
This study was approved by the Federation University Australia Human Research Ethics Committee (project 
number B16-180). 
2.1 Creation of the prototype model 
There are two main components associated with the STAMP method and its associated control structure: (i) system 
development (including both the development process itself and the resulting system design); and, (ii) system 
operation (which under ideal conditions, nurtures safe behaviours) (Leveson, 2004).  Accordingly, the prototype 
model was constructed incrementally in the following stages: (i) the system operation component associated with the 
STAMP method was adapted to fit the target context; (ii) the actors and organisations who were considered to reside 
at each of the model’s five different hierarchical levels were identified; and, (iii) the control and feedback 
mechanisms that were thought to exist between those levels were added. 
Information derived across various sources facilitated the development process, including documentation related to 
recreational running (e.g. Athletics Australia), stakeholder websites (e.g. Australian Sports Commission), and the 
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academic literature.  In addition, the authors’ own knowledge of the RRI domain (Hulme and Nielsen), and other 
authors’ extensive experience in use of systems ergonomics methods (Salmon and Read) helped to further refine 
certain aspects.  A more detailed description of the original STAMP method, including control theory and its 
adaption to the distance running context, can be found in in existing resources (Leveson, 2004, Leveson, 2009, 
Hulme et al., 2017). 
2.2 Delphi technique 
The Delphi technique brings together the opinions and knowledge of experts, and consolidates their feedback to 
reach group consensus about a chosen topic of interest.  An advantage of this approach over other consensus-driven 
methods, such as committee meetings or focus group interviewing, is the freedom from intimidating scenarios 
whereby certain participants might feel inhibited and/or time-pressured to express their views in the immediate 
presence of others (Williams and Webb, 1994).  Several studies in the context of sports safety research provide 
support for the effective use of a Delphi technique (Donaldson and Finch, 2012, Donaldson et al., 2013, White et al., 
2014, Donaldson et al., 2015).  In other safety-critical domains, the Delphi technique has been used to validate a 
STAMP control structure model of road trauma and the Australian road transport system (Salmon et al., 2016). 
In this study, the Delphi technique involved a series of online surveys, and adhered to the fundamental principles of 
respondent anonymity and feedback between rounds.  The minimally acceptable level of agreement among experts 
is known to differ across studies utilising a consensus-driven approach (Keeney et al., 2006).  In this study, 
consensus in opinion about the validity of the prototype model was deemed to be reached when the number of 
experts who agreed or disagreed with a statement was ≥75% of the total number of respondents.  It was not possible 
to know a priori how many Delphi rounds would be required to reach consensus. 
2.3 Identification of experts 
Both complex systems modelling practitioners and distance running experts were invited to participate.  The former 
group included academics with research expertise who worked in university departments and/or research centres that 
were concerned with the application of systems thinking approaches towards understanding human health and/or 
safety in complex sociotechnical systems.  The latter group comprised experts who worked with runners in coaching 
and training roles, were qualified to prescribe performance and/or injury advice, were aware of contemporary 
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theories of endurance training, and/or who knew about, sports policy in relation to distance running.  The experts 
were identified from the authors’ personal contacts within the research community, authors of peer-reviewed 
publications in the scientific literature, as well as websites that included professional profiles of relevant experts.  
Given the limited number of distance running injury researchers operating in Australia, the sampling of participants 
occurred both nationally and internationally. 
2.4 Survey development and methods 
For each round of the Delphi process (December 2016 – March 2017), participants were sent an e-mail which 
included an electronic version of the prototype model, as well as instructions for completing the online survey which 
included an explanation and definitions form (Electronic Supplementary Material A).  Participants were given four 
weeks to return the initial survey, and two weeks thereafter for follow-up surveys.  Non-responders received a 
reminder email during the week following each deadline.  The initial survey solicited information about participants’ 
age, gender, primary occupation, qualifications, and perceived level of expertise in relation to complex systems 
thinking and modelling, as well as distance running and injury prevention more generally.  Following that, the 
survey was divided into four sections containing a total of seven questions (Table 1).  Each survey question followed 
an answer format of ‘yes’, ‘no’, or ‘don’t know’. 
2.5 Model changes and methods 
If participants did not agree with any of the question(s) presented in Table 1, they were asked to specify further, with 
comments, why they considered that the prototype model did not meet that criterion.  It was here that the experts 
could elaborate and describe explicitly what changes and/or additions needed to be made.  Participants were advised 
that their suggestions might feature in a revised systems model that would be resent with another survey containing 
the same four sections and seven questions.  Deciding whether to incorporate the experts’ feedback was a matter of 
careful deliberation between authors (Hulme, Nielsen, Salmon and Read).  Meetings were held, and each suggestion 
was debated until a joint decision about the feasibility of including the change(s) was made. 
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Table 1: Delphi sections and questions 
Delphi category and associated question(s) 
Review of levels, and actors and organisations 
1. Are each of the level descriptors labelled appropriately? 
2. Are the actors and/or organisations labelled appropriately on each level? 
3. Have all relevant actors and/or organisations been included? 
4. Are there any actors and/or organisations better placed at another level? 
Review of control mechanisms 
5. Have all relevant control mechanisms been included? 
Review of feedback mechanisms 
6. Have all relevant feedback mechanisms been included? 
Overall 
7. Is the prototype model a valid description of the distance running system? 
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2.6 Participant demographics and personal characteristics 
Out of a total of 51 experts who were initially contacted through email, 50.9% (n=26) completed the first round of 
the Delphi.  A total of 92.3% (n=24) of the round one participants also completed the second (and final) survey, and 
answered all questions.  Of the two participants who did not respond to the follow-up survey, one was an academic 
researcher aged 45-54 years, with a high self-reported level of expertise in systems thinking/theory.  The other was a 
qualified health professional and running coach and athletic trainer aged 25-34 years, with a high self-reported level 
of expertise in distance running.  There were 14 Australian and 10 international experts. 
Most of the participants (n=24) were between the ages of 25-44 years, and three-quarters of responders identified as 
being male (Table 2).  In terms of area(s) of expertise, over half of the participants reported practicing running, 
closely followed by working as a qualified health professional.  There were two running coaches or athletic trainers, 
with eight experts identifying as being a systems thinker and/or /modeller.  Regarding the alignment of disciplinary 
expertise, more participants considered themselves to be a running expert rather than systems thinker.  The highest 
self-reported level of expertise was associated with the science of distance running, followed by a moderate level of 
expertise for injury prevention research (Table 3).  Half of the sample indicated a moderate or high level of expertise 
in the systems ergonomics and modelling disciplines. 
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Table 2: Demographic characteristics, and the area(s) and alignment of expertise for the 24 experts who 
participated in both rounds of the Delphi 
 Frequency (n) Sample proportion (%) 
Age range (years)  
25-34 8 33.3 
35-44 10 41.7 
45-54 3 12.5 
55-64 3 12.5 
Gender  
Male 18 75.0 
Female 6 25.0 
Expertise area(s) †   
Runner 14 58.3 
Qualified health professional 13 54.2 
Academic researcher 10 41.7 
Systems thinking/modeller 8 33.3 
Running coach or athletic trainer 2 8.3 
Expertise alignment   
Distance running 16 66.7 
Systems thinking/theory 8 33.3 
[†] Participants were permitted to state ≥1 area of expertise 
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Table 3: Perceived level of disciplinary/practice expertise based on different criteria for the 24 experts who participated in both rounds of the Delphi 
 Expertise rating % (n) 
Criteria None Low Medium High 
The science of distance running (i.e. endurance training theory/injury prevention) 8.3 (2) 20.8 (5) 16.7 (4) 54.2 (13) 
Participation in distance running itself (i.e. coach/runner) 16.6 (4) 29.2 (7) 29.2 (7) 25.0 (6) 
Systems thinking/theory (i.e. ergonomics methods/simulation modelling) 4.2 (1) 45.8 (11) 37.5 (9) 12.5 (3) 
Injury prevention research in general (e.g. road/workplace safety) 4.2 (1) 16.7 (4) 45.8 (11) 33.3 (8) 
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3.0 Results 
3.1 Modifications to the prototype model 
Based on the feedback provided by the 24 experts who participated in both rounds of the Delphi process, numerous 
modifications to the prototype model were made.  Many of those modifications were minor, and included changes to 
existing features associated with the prototype model, as well as new additions that were initially absent (Table 4).  
Conversely, other modifications were major in nature given that they considerably changed the model’s overall 
appearance. 
3.2 Major changes 
In the prototype model, level five contained a relatively simple representation of the runner and their immediate 
environment, including a range of distinct factors such running surface, terrain, and the built environment (Hulme et 
al., 2017).  As such, many of the experts did not agree that the prototype model appropriately accounted for the 
theoretical causal relationships between those individual and environmental factors and RRI development.  This 
prompted a revision to level five to better conceptualise the imbalance between the application of running load, and 
the capacity of the musculoskeletal system to tolerate it.  Therefore, the interaction between, and the effect of, 
anthropometric and biomechanical exposures (e.g. body mass index, ground reaction force), other personal 
characteristics (e.g. genetics, psychosocial factors), and lifestyle-related variables (e.g. diet, sleep, activities of daily 
living), was incorporated. 
3.3 Overall validation results and final model 
The results associated with each round of the Delphi are presented in Table 5.  Only question seven associated with 
round one reached a ≥75% level of agreement, prompting the need to further incorporate relevant expert feedback, 
revise the prototype model accordingly, and disseminate it for a second time.  Regarding the first round of Delphi, 
questions three (25.0%), five (37.5%), and six (29.2%) attracted the lowest agreed consensus values.  Group 
consensus was reached in the second round, and 91.7% of the experts agreed that the STAMP model was a valid 
description of the Australian distance running system.  For this reason, the Delphi process was stopped after round 
two.  The validated model is presented in Figure 1.
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Table 4: A list of minor changes which includes several modifications to existing features, as well as new additions that were factored into the prototype 
model based on the feedback from the 26 and 24 experts who participated in round one and round two of the Delphi, respectively 
Changes to existing features New additions 
Level 5 renamed to ‘Runner & The Running Process’ ‘Running-Related Injury’ was included in the model 
Level 4 renamed to ‘Running Management, Supervision & Injury Prevention’ ‘Internet Forums’ added to level 4 
Level 3 renamed to ‘General Service & Healthcare Providers’ ‘Instruction & Supervision’ added as a control from level 3 to level 5 
The ‘Australian Sports Commission’ moved from level 1 to level 2 ‘Education & Advice’ added as a control from level 2 to level 5 
‘Government Health Departments’ omitted ‘World Health Organisation’ added to the International Context 
‘Event Organisers’ renamed to ‘Event & Charity Organisers’ (level 3) ‘Funding & Resource Allocation’ added as a control from level 2 to level 4 
‘Employers’ renamed to ‘Employer & Worksite’ (level 3) Targets & Performance Measures’ added as a control from level 2 to level 4 
‘Running Clubs’ renamed to ‘Running & Sports Clubs’ (level 3) ‘Public Opinion & Advocacy’ added as feedback between level 5 and level 3 
Athletics Facilities renamed to ‘Athletics and Sports Facilities’ (level 3) ‘Funding & Resource Allocation’ added as a control from level 3 to level 5 
‘Peer Groups’ and ‘Family Members’ merged into a single entity (level 4) ‘Orthotists’ added and merged with ‘Podiatrists’ to form a single entity 
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Table 5: Comparison of consensus results between round one and round two of the Delphi 
 Round one sample proportion (%) Round two sample proportion (%) 
Delphi category and associated question(s) Yes No Unsure Yes No Unsure 
Review of levels, and actors and organisations       
1. Are each of the level descriptors labelled appropriately? 70.8 16.7 12.50 87.5 12.5 0.0 
2. Are the actors and/or organisations labelled appropriately on each level? 66.7 16.7 16.7 87.5 12.5 0.0 
3. Have all relevant actors and/or organisations been included? 37.5 25.0 37.5 75.0 20.8 4.2 
4. Are there any actors and/or organisations better placed at another level? 25.0 50.0 25.0 20.8 79.2 0.00 
Review of control mechanisms       
5. Have all relevant control mechanisms been included? 50.0 37.5 12.5 79.2 12.5 8.3 
Review of feedback mechanisms       
6. Have all relevant feedback mechanisms been included? 45.8 29.2 25.0 83.3 8.3 8.3 
Overall       
7. Is the prototype model a valid description of the distance running system? 83.3 8.3 8.3 91.7 4.2 4.2 
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The validated Australian distance running STAMP model 
 
 
 
 
 
 
<Insert Figure 1 about here: found attached as a separate high-resolution PNG file> 
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3.4 The Australian distance running systems model 
Figure 1 contains two mutually inclusive components: (i) a sociotechnical systems context that contains multiple 
actors and organisations including the numerous control and feedback mechanisms between them (i.e. level one to 
level four, inclusive); and, (ii) a theoretical causal schematic that visualises the relationship between individual-level 
factors and RRI development (i.e. level five). 
The downward flowing control mechanisms that connect levels one to four with level five, indicate the system-wide 
constraints that are imposed on other actors and organisations, as well as the runner and their behaviours.  Likewise, 
the feedback mechanisms that connect level five with levels four to one, indicate varied types of information and 
communication that are passed from the runner to other actors and organisations across the system.  The permeated 
boundary around level five demonstrates that the causal schematic is mutually inclusive with the sociotechnical 
systems context. 
The legend/key associated with Figure 1 needed to reflect the major changes that occurred between round one and 
round two of the Delphi process.  Notably, there are two legends; one that applies to the sociotechnical systems 
context, and the other to the theoretical causal schematic.  Included in the latter is a definition of the only necessary 
causal factor for RRI development (i.e. running participation expressed as stride number), alongside other important 
concepts that are unmeasurable in field-based studies (i.e. structure-specific load capacity and structure-specific 
cumulative load). 
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4.0 Discussion 
The purpose of this study was to draw on the expertise of both systems thinking and distance running experts to 
validate a prototype Australian distance running systems model (Hulme et al., 2017).  To achieve this, a total of 24 
experts answered a series of questions in relation to several different features associated with the model.  Group 
consensus about its overall validity, defined a priori as a ≥75% level of agreement for a given question, was reached 
after two Delphi rounds.  The validated model of the Australian distance running system will now be able to 
facilitate theoretical advancement in terms of identifying key areas of further research, alongside practical system-
wide opportunities for the implementation of sustainable RRI prevention interventions.  This ‘big picture’ 
perspective also represents the first step required when thinking about the range of contributory causal factors that 
function externally to the runners themselves.  From a systems ergonomics perspective, RRI occurs when the control 
or feedback mechanisms described in the model are inadequate or deficient, and for that reason, it is worth 
highlighting what control and feedback mechanisms are in place, who is responsible for them, and which ones are 
likely to be most integral in relation to RRI risk.  The following discussion touches on those features, focussing 
initially on who shares responsibility for the development and prevention of RRI, as well as the practical 
implications associated with the sociotechnical systems context (i.e. system levels one to four) and the causal 
schematic component which was introduced into the model based on the feedback received during the Delphi 
process (i.e. system level five). 
4.1 Who and what is in control of RRI? 
Traditional accident and injury analysis methods, which are typically used to identify and understand the role of 
discrete causes, are highly suitable if the goal is to intimately understand how individual-level ‘parts’ function in 
relation to the ‘whole’.  Indeed, in the sports injury prevention context, well-designed and rigorous epidemiological 
and clinical research-based applications are profoundly capable at determining the strength of the effect between 
singular proximate causes and RRI development (Hulme et al., 2016b).  Such information is useful, primarily 
because it means that researchers and scientists can attempt to manipulate significant training-related, behavioural, 
and biomechanical exposures with a targeted and well-defined RRI prevention intervention (Hulme et al., 2017).  On 
the other hand, reductionist scientific approaches are limited in the sense that they cannot understand how dynamic 
interrelationships between various system-wide elements might contribute to the RRI problem across both time and 
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space (Hulme and Finch 2015).  Therefore, when attempting to better understand the aetiology and prevention of 
RRI, the overarching research approach that is used, including its specific focus, purpose and questions being asked, 
will dictate where one intends to initially penetrate the system and commence the process of scientific inquiry.  A 
continuum of biological organisation that incorporates systems ergonomics theory is visualised (Figure 2). 
 
<Insert Figure 2 and its associated description about here: found at the end of this document> 
 
A key contribution of the approach taken in this study is that a diverse set of actors and organisations were 
confirmed by experts to share responsibility for the development and prevention of RRI.  Whilst some of the actors 
and organisations are expected (e.g. other runners, sports coaches, and physiotherapists), others are perhaps less 
often considered in relation to role they play in RRI management (e.g. event organisers, the media, state and 
territory sport and recreation departments, and tertiary research institutions).  The validated model demonstrates that 
the depicted actors and organisations place numerous constraints on other elements across the system, including 
runners’ behaviours through a series of control mechanisms.  Likewise, runners and other actors and organisations 
provide information regarding the state of the system back to the entities that reside above them in the form of 
feedback mechanisms, which in turn informs decision making. 
Consistent with STAMP and control theory, safety is an emergent property that results from the functioning and 
interactions that occur across an overall system (Leveson, 2011).  In that regard, the control and feedback 
mechanisms that feature in the distance running systems model specify the expected relationships that constitute a 
non-hazardous or safe-system state.  For example, ‘coaching accreditation courses’ associated with organisations 
such as Athletics Australia, are regulatory-based controls for sports coaches and trainers to enact out procedural-
based controls on runners (level two  level four  level five).  Similarly, ‘targets and performance measures’ can 
be imposed on practicing dieticians and physiotherapists by Health Practitioner Councils and Associations (level 
two  level four), whereas ‘standards and codes of practice' are enforced on employers and worksites from Safe 
Work Australia and state health and safety regulators (level two  level three).  ‘Adequate funding and resource 
allocation’ from Federal Parliament is a necessary political-based control for tertiary education and research 
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institutions to fulfil their varied roles, such as entering ‘contractual agreements’ with other registered training 
organisations (level one  level two  level three).  Importantly, controls do not have to be political, regulatory, or 
procedural in nature (Leveson, 2009).  ‘Instruction and supervision’ is an example of a value-based control that can 
influence running behaviours (level two  level five, and level three  level five).  Likewise, ‘education and 
advice’ from podiatrists to the runner will not necessarily enforce constraints on behaviours (level four  level 
five), but under certain conditions, such instruction might result in biomechanical alterations that affect how the 
magnitude and/or distribution of running load is applied across specific musculoskeletal structures. 
For the Australian distance running system to function as it should (i.e. to operate safely to minimise RRI risk), the 
control and feedback mechanisms across its levels are required to exhibit a state of dynamic equilibrium (Hale, 
2006, Dekker and Pruchniki, 2014).  This means that any organisational and/or technological changes that occur 
within or across levels can, in certain instances, lead to unanticipated effects.  For example, under the assumption 
that control or feedback mechanisms are inadequate or deficient, the introduction of specialised running footwear, 
the promotion of a new running event, or modifications to a national athletics coaching curriculum, might create the 
emergent conditions necessary for RRI to develop.  As the complexity of the Australian distance running system 
increases in parallel with the proliferation of other innovative technologies, such as wearable fitness devices and 
electronic health tracking platforms (Rettner, 2013, Andreasson and Johansson, 2014, Piwek et al., 2016), it 
becomes ever more challenging to ensure that control mechanisms are balanced against varied forms of feedback 
(Carayon, 2006).  Accordingly, the process leading up to a RRI event can be described as a maladaptive feedback 
function that fails to maintain safety as performance-oriented athletics goals and other organisational targets change 
over time.  Fostering safe running practices is a continual control task, and runners’ motivations and behaviours 
should not be separated from the broader systems context and studied in isolation.  Therefore, the systematic 
migration of organisational behaviour across the distance running system needs to be understood from the 
perspective of how it changes, adapts, and evolves. 
Although the validated model was based on the system operation and not the system development component of the 
STAMP method (Leveson, 2004), it should be noted that human behaviours are also be influenced and partly 
‘controlled’ by engineering the system in a different way.  This presents an interesting line of further inquiry 
because, unlike other safety-critical system domains which can be engineered to achieve safety and reliability from 
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the ground up (e.g. transportation networks, photochemical and nuclear power plants), the distance running system 
is somewhat of a subsystem nestled inside of a broader social system.  The autonomy and free-agency of runners 
(i.e. their operative processes), are not constrained in any way by the maintenance of well-defined and engineered 
sociotechnical systems domain.  For example, the validated model does not include the engineering processes 
underpinning the design and manufacturing of running footwear or road surface composition – it only includes 
actors and organisations such as footwear retailers and standards Australia.  Despite the model’s focus on the 
operative component of the STAMP method, system levels one to four provide an accurate description of the actors, 
organisations, and control and feedback mechanisms as found today. 
4.2 The causal schematic of RRI development 
In the broader field of RRI prevention research, scientists have, for the most part, been motivated by what are 
seemingly important questions.  Does more cushioning in running footwear reduce the risk of RRI? (Theisen et al., 
2013)  Is muscular weakness associated with an increased risk of sustaining pathologies to the knee? (Thijs et al., 
2011) Does bone mineral density have a relationship with the development of stress fracture? (Kelsey et al., 2007)  
Even though such questions are important for predictive purposes, the overwhelming majority of traditional 
scientific investigations have not attempted to examine how the level of running participation interacts with an 
underlying biological predisposition for RRI.  Fortunately, to address this problem, a recent conceptual paper has 
presented a theoretical causal schematic to facilitate the design and conduct of future scientific studies in the RRI 
aetiological space (Bertelsen et al., 2017).  That paper essentially argued that future investigations should focus on 
addressing how certain participatory-related exposures (e.g. running distance, time spent running, session frequency, 
or stride number) and non-participatory-related exposures (e.g. diet, body mass index, and footwear compliancy) 
change over time in relation to RRI risk (Bertelsen et al., 2017). 
Given that many of the experts in this study agreed that the prototype model did not sufficiently take into 
consideration the causal relationships between individual-level exposures and RRI development, we adapted 
Bertelsen et al’s (2017) causal schematic and incorporated it into the revised model (Figure 3).  Regarding Figure 3, 
the only necessary causal factor for RRI development is running participation itself (denoted by a shaded box and 
solid line at level five), and this is expressed as ‘stride number’, since running distance or time spent running will 
not equally load a given runner’s musculoskeletal system in the same way.  The incorporation of Figure 3 within the 
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larger sociotechnical systems context provides an important integration of systems thinking with more traditional 
RRI scientific approaches. 
 
<Insert Figure 3 and its associated description about here: found at the end of this document> 
 
4.3 Practical implications of the model going forwards 
This paper presents a validated Australian distance running systems model that can now be used to inform two 
mutually exclusive purposes.  Firstly, the validated model is a standalone tool when making sense of system-wide 
complexity when planning and designing injury prevention interventions, and/or when thinking about their 
sustainability long term.  For instance, closely examining the elements associated with levels one to four of the 
distance running system might expose possible leverage points when thinking about how to introduce the most 
effective organisational and policy-level options for RRI prevention.  As such, the depicted control and feedback 
mechanisms indicate which other factors, actors and/or organisations are likely to be affected were a given change 
implemented at those systemic levels.  Likewise, decision makers can refer to the validated model to identify where 
possible inadequacies in control and feedback mechanisms might reside.  Secondly, practitioners can draw on the 
heuristic power of the validated model as a point of reference when planning to utilise more advanced systems-based 
computational modelling techniques (Mabry et al., 2010, Luke and Stamatakis, 2012).  The validated model is a 
useful conceptual precursor to a range of system science methods because it shows who and what is contained in the 
distance running system, as well as where existing control and feedback mechanisms are found. 
4.4 Limitations 
Despite the novelty of this study and its theoretical contribution to the literature, several limitations should be noted.  
First, the initial proportion of responders was 51%, which might indicate selection bias as only those individuals 
who have a serious interest in reducing the risk of, or preventing RRI, could have agreed to participate.  Second, a 
larger sample size might have produced a greater variation in terms of the feedback received given that both distance 
running and systems thinking experts were required.  However, the inclusion of 24 participants in this study is in 
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line with previous Delphi studies (White et al., 2014, Donaldson et al., 2015).  Third, although much of the feedback 
from the experts was incorporated, not every suggestion was addressed given that the overall purpose was to achieve 
group consensus.  Fourth, many of the identified experts were sampled from an international context even though 
they were being asked to comment on a model for the Australian setting.  Nonetheless, their depth and range of 
knowledge was found to be highly relevant and useful.  Fifth, most of the experts self-identified as being a distance 
running expert, and only half of the final sample indicated a moderate or high level of expertise in the systems 
ergonomics and/or modelling disciplines.  Including feedback from experts with background in sports policy is 
likely to have benefitted the validation of the systemic levels associated with the sociotechnical systems context.  
Sixth, other questions regarding the model could have been asked of the experts, such as which actors and 
organisations, or control and feedback mechanisms are considered most influential in relation to the RRI problem.  
However, such questions were not included because they relate more to a model building phase rather than a 
validation process.  Seventh, the model is highly abstract and does not illustrate one-to-one control or feedback 
mechanisms such that it is possible to know that a given actor or organisation imposes constraints on another. 
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5.0 Conclusion 
There has been a recognised need in the RRI prevention research context for a systems thinking theoretical 
perspective to complement traditional forms of scientific inquiry.  The use of a systems ergonomics method in a 
previous study informed the creation of a prototype model of the Australian recreational distance running system.  In 
this study, 24 systems thinking and distance running experts validated that prototype model.  The theoretical benefits 
of the validated model are: (i) it recognises that multiple persons and organisations are, in some way, involved in 
RRI and its control; (ii) that runners’ beliefs are formed, and behaviours and actions are executed, when systemic 
determinants exert their influence on more proximal factors; (iii) that the efficacy of targeted educational 
programmes and behavioural change interventions at reducing the risk of RRI can be affected based on the 
availability of system-wide resources that ultimately ensure their sustainability; (iv) that a dynamic interface exists 
between the individual runner and their political, organisational, managerial, and sociocultural environments, and it 
is a series of latest system-wide control-based deficiencies or failures that manifest as a localised and identifiable 
event immediately preceding RRI development.  The practical benefits associated with the validated model are: (i) it 
can be used as a standalone tool when making sense of system-wide complexity.  Here, the validated model might 
expose possible leverage points when thinking about how to introduce the most effective organisational and policy-
level options for RRI prevention; (ii) its heuristic power can be used as a point of reference when planning to utilise 
more advanced systems-based computational modelling techniques; and, (iii) the validated model can serve as a 
point of reference when thinking about how it can be adapted to the distance running and/or chosen sports system as 
found in other jurisdiction and countries. 
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FIGURES TO BE INCLUDED IN THE MANUSCRIPT 
Note to publisher: the following pages include the figures to be included in the specified locations in the manuscript, as well as their associated descriptions.  
Figure 1 has been attached as a high-resolution PNG file and so the next figure below is Figure 2. 
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Figure 2: A continuum of biological organisation. Adapted from Stallone with permission (1980) 
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Figure 2 description: to be included in the manuscript under Figure 2 
The different levels of biological organisation, which range from the sub-molecular to the ecosystem levels, each have a firm role to play when it comes to 
understanding the functioning and behaviour of the natural world.  However, from a scientific and research-based standpoint, where one intends to initially 
penetrate the system depends on the lowest and highest relevant points that are associated with a given topic and/or research question.  Therefore, regarding the 
causal processes that underpin the aetiology of RRI, it makes little sense to investigate the sub-molecular, cell, or organ sub-system levels if primary prevention 
is the driving force behind the research.  The traditional scientific approach in the RRI literature encompasses epidemiological and clinical research-based 
applications, but no study has yet considered the importance of social and ecosystem levels of determination. 
 
 
 
 
 
 
 
 
 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
iv 
 
Structure-Specific 
Load Capacity 
Load Magnitude 
& Distribution 
Personal 
Characteristics (i.e. 
Load-Related & 
Capacity-Related 
Exposures) 
Running Participation 
(Measured as Stride #) 
Lifestyle Factors (i.e. 
Capacity-Related 
Exposures) 
External & Environmental 
Factors (i.e. Load-Related 
Exposures) 
Structure-Specific 
Load per Stride 
Structure-Specific 
Cumulative Load 
Structure Specific Load 
Capacity Exceeded 
Structure-Specific Load 
Capacity Reduction 
Figure 3: The relationship between Structure-Specific Load Capacity, Structure-Specific Cumulative Load, and RRI. 
Adapted from Bertelsen et al (2017) with permission 
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Figure 3 description: to be included in the manuscript under Figure 3 
In describing Figure 3, both the structure-specific load capacity and structure-specific cumulative load can be affected, both directly and indirectly, by personal 
characteristics, such as demographics (e.g. age and sex), anthropometrics (e.g. height, weight, and body mass index), biomechanics (e.g. ground reaction forces), 
psychology (e.g. personality disposition), and genetics.  External and environmental factors (e.g. footwear, surface, and terrain) do not affect structure-specific 
load capacity, given that the latter has been defined as the capacity of a specific bodily structure to withstand load prior to entering a single running session.  
Conversely, lifestyle factors (e.g. diet, sleep, activities of daily living, employment obligations, and rest periods between running sessions) can influence the level 
of structure-specific load capacity that a runner enters a training or competitive session with.  The structure-specific load capacity exceeded (or ‘inciting event’) 
occurs when the reduction of a specific-structure’s capacity to tolerate the applied structure-specific cumulative load surpasses a physiologic threshold resulting 
in RRI.  Notably, external and environmental factors, personal characteristics, and lifestyle factors, do not have a direct relationship with RRI.  Moreover, 
structure-specific load capacity and structure-specific cumulative load cannot be quantified in large scale epidemiological and field-based studies (denoted by 
dashed lines), and so proxy measures are used. 
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Electronic Supplementary Material A: Definitions and examples of actors and organisations in the Australian distance running system 
Article title: From control to causation: A complex systems model of running-related injury development and its prevention 
Journal: Applied Ergonomics 
Author(s): Hulme, A. Salmon, P.M, Nielsen, R.O, Read, G. J. M, Finch, C.F. 
Lead author: Hulme A; Australian Collaboration for Research into Injury in Sport and its Prevention, Federation University Australia 
(a.hulme@federation.edu.au) 
Actor/organisation/Factor Definition Example 
Level 1: Parliament & Legislatures 
Federal Parliament The legislative branch of the government of Australia. It consists 
of the Queen (represented by the Governor-General), the Senate 
(upper house) and the House of Representatives (lower house). 
Its key function is to pass legislation (laws). The Federal 
Parliament can pass laws that apply in certain states if they relate 
to topics set out in The Constitution (i.e. taxation and economic 
matters, national security, communications and welfare). 
n/a 
Federal Parliamentary Parliamentary committees are made up of Members of 
Parliament who investigate specific matters of policy or 
- Committee for Health, Aged Care, and Sport 
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Committees government administration or performance. These comprise three 
separate committees: (i) Senate; (ii) House of Representatives; 
and, (iii) Joint Committees 
Council of Australian 
Governments 
The intergovernmental forum that brings together the heads of 
the federal and state governments across Australia (i.e. the Prime 
Minister and Premiers) as well as the Australian local 
government associations to debate and coordinate government 
activities relevant across levels of government 
n/a 
Australian Health Ministers’ 
Advisory Council 
The AHMAC was established to provide effective support to the 
Australian health ministers' conference, and to consider matters 
relating to the co-ordination of health services across the nation. 
The AHMAC meets approximately three times per year and is 
comprised of the heads of the health authorities of the federal, 
state, and territory governments. The chair and executive 
committee are selected from among the members biennially 
n/a 
Level 2: Government Agencies, Sporting Associations, Funding & Research Organisations 
Athletics Australia Athletics Australia is the national governing body for the sport of 
athletics in Australia, and is recognised as such by the IAAF, 
n/a 
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Australian Olympic Committee, Australian Paralympic 
Committee, Australian Commonwealth Games Association, and 
the Australian Sports Commission 
Government Research Funding 
Bodies 
Government research funding bodies play an important role in 
the provision of government support for research in Australia to 
deliver policy and programmes that advance Australian research 
and innovation globally to the benefit of the community 
-The National Health and Medical Research Council 
(NHMRC) is Australia’s leading expert body promoting 
the development and maintenance of public and individual 
health standards 
-The Australian Research Council (ARC) is a 
Commonwealth entity and advises the Australian 
Government on research matters, administers the National 
Competitive Grants Programme, a significant component 
of Australia's investment in research and development, and 
has responsibility for Excellence in Research for Australia 
(ERA) 
Tertiary Education & Research 
Institutions 
Tertiary education in Australia consists of both public and 
private institutions. A higher education provider is a body that is 
established and recognised by the law of the Australian 
Government, a state, or the Department of Education, 
Employment and Workplace Relations 
-Public Universities and affiliated research centres 
-Technical and Further Education institutions (TAFE) 
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Medicare Medicare is a publicly funded universal health care system in 
Australia. Operated by the government authority Medicare 
Australia, Medicare is the primary funder of health care in 
Australia, funding primary health care for Australian citizens and 
permanent residents 
n/a 
Safe Work Australia & State 
Health & Safety Regulators 
Safe Work Australia is a tripartite body with the following 
members: an independent chair, members representing the 
Commonwealth, and each state and territory, members 
representing the interests of workers, members representing the 
interests of employers, and the Chief Executive Officer 
- Workplace Health and Safety Queensland, Office of 
Industrial Relations (WHSQ). WHSQ is responsible for 
improving work health and safety in Queensland and 
helping reduce the risk of workers being killed or injured 
on the job. It is WHSQ's role to: enforce work health and 
safety laws, investigate workplace fatalities and serious 
injuries, prosecute breaches of legislation, and educate 
employees and employers on their legal obligations 
Australian Health Practitioner 
Regulatory Agency (AHPRA) 
The AHPRA supports the 14 National Boards that are 
responsible for regulating the health professions. The primary 
role of the National Boards is to protect the public and they set 
standards and policies that all registered health practitioners must 
meet. Each Board has entered a health profession agreement with 
AHPRA which sets out the fees payable by health practitioners, 
See also on Level 2: Health Practitioner Regulatory 
Bodies 
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the annual budget of the Board and the services provided by 
AHPRA 
Australian Commonwealth 
Games Association (ACGA) 
The ACGA is governed by a sport based board of management, 
and is represented at state/territory level by state divisions. The 
role of state divisions is to assist the ACGA in raising funds for 
each Commonwealth games team and to promote the 
Commonwealth games movement in their respective 
state/territory 
n/a 
Australian Olympic Committee 
(AOC) 
The AOC is the National Olympic Committee responsible for 
developing, promoting and protecting the Olympic movement in 
Australia. The AOC has the exclusive responsibility for the 
representation of Australia at the Olympic Games (Summer and 
Winter), the Youth Olympic Games, and at Regional Games 
patronised by the International Olympic Committee. All National 
Olympic Committees (currently 205 worldwide) are constituents 
of the International Olympic Committee 
n/a 
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State Parliaments The parliaments of the Australian states and territories are 
legislative bodies within the federal framework of the 
Commonwealth of Australia. Each is regulated by its own 
constitution. QLD and the two territories have unicameral 
parliaments, with the single house being called Legislative 
Assembly. Other states have a bicameral parliament, with a 
lower house called the Legislative Assembly (NSW, VIC and 
WA) or House of Assembly (South Australia and Tasmania). The 
upper house is called the Legislative Council 
QLD state parliament 
State & Local Sporting 
Associations 
State and local sporting associations comprise the official 
governing bodies for athletics in each state 
-QLD athletics 
-VIC athletics (has 60 affiliated clubs across the state and 
boasts close to 6,000 registered athletes, officials, and 
coaches, and conducts competitions and events for athletes 
over 12 years and of all abilities) 
Insurance Companies Companies that provide insurance products to sports persons and 
other relevant actors including comprehensive medical and travel 
insurance 
- V-Insurance Group has designed a National Insurance 
Program specifically tailored to meet the needs of 
Athletics Australia 
-AON protects 30,000 healthcare professionals, and has 
been providing tailored professional indemnity insurance 
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to the Australian healthcare sector for over 30 years 
Australian Institute of Health 
& Welfare (AIHW) 
The AIHW is Australia's national agency for information and 
statistics on Australia’s health and welfare. Statistics and data 
developed by the AIHW are used extensively to inform 
discussion and policy decisions on health, community services 
and housing assistance. Under Australia's constitution, health and 
welfare services are primarily delivered by the states and 
territories, who are also mainly responsible for the collection of 
statistics on these services. A fundamental aim of the Institute is 
to promote consistency among national, state and territory 
statistics, to produce comprehensive national data of the highest 
standard 
n/a 
State & Territory Departments 
of Sport & Recreation 
There are eight state and territory departments of sport and 
recreation for the development and delivery of programs and 
services, and the development of national networks 
-Department of Sport and Recreation (WA & NT) 
-Sport and Recreation Victoria (VIC) 
Health Practitioner Regulatory 
Bodies 
The primary role of the health practitioner regulatory bodies is to 
protect the public through enabling professionals to formally 
register under the health profession agreement act 
-Chiropractic Board of Australia 
-Medical Board of Australia 
-Nursing and Midwifery Board of Australia 
-Occupational Therapy Board of Australia 
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-Osteopathy Board of Australia 
-Pharmacy Board of Australia 
-Physiotherapy Board of Australia 
-Podiatry Board of Australia 
-Psychology Board of Australia 
Legal Professionals & Court 
System 
Legal professionals provide legal advice and represent clients in 
court proceedings. Courts and judges hear evidence in criminal 
or civil proceedings and make decisions in accordance with the 
relevant law. Judges interpret legislation and apply the law to the 
facts presented by the parties to the proceedings. Some decisions 
made by courts become case law, binding or influencing judicial 
decisions in future cases. Determines guilt, fines and/or sentences 
for offense 
-High Court of Australia 
-Federal Court of Australia 
-Supreme Court of Queensland 
-Queensland Magistrates Courts 
Australian Sports Commission 
(ASC) 
The ASC is the Australian government’s statutory agency 
responsible for distributing funds and providing strategic 
guidance and leadership for sporting activity in Australia.  It 
delivers key programs in line with the Australian government’s 
sport policy objectives and affords not only financial support, but 
also other assistance to national sporting organisations to deliver 
n/a 
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participation and high performance results to achieve capability, 
sustainability and effectiveness 
Committee of Australian Sport 
& Recreation Officials 
(CASRO) 
CASRO was reconstituted from the Standing Committee on 
Recreation and Sport (SCORS) group in 2011. The CASRO 
Research Group (CRG) is a sub-committee of CASRO, 
consisting of representatives from each of the following: (i) The 
Department of Health, (ii) Australian Sports Commission; and, 
(iii) State and Territory Departments of Sport and Recreation. 
The CRG's role is to improve the range and quality of 
information about sport and recreation including data and 
research on physical activity trends, sport and recreation 
participation, economic impacts and social benefits 
n/a 
Sports Medicine Australia 
(SMA) 
SMA is Australia’s peak national umbrella body for the 
prevention of lifestyle diseases through sports medicine and 
sports science and injury prevention. SMA is widely 
acknowledged internationally as the world’s leading multi-
disciplinary sports medicine body 
n/a 
Health Practitioner Councils & Health industry associations belong to two broad categories, -Australian Dietetics Association 
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Associations professional associations and associations of industry segments 
or sub-sectors. Few operate as not-for-profit, for the benefit of 
their members. Some associations within the health and aged 
industry are powerful lobby groups, able to influence 
government policy, resource allocation, the regulation and 
registration of their members, educational standards and public 
opinion. They monitor and influence legislation; identify, 
examine and take action on issues of significance for members 
and disseminate information on important issues. They are active 
in networking, organising conferences, liaising with their 
counterparts in Australia and other countries, publishing 
newsletters, websites and other resources for their members and 
promoting their members/profession/industry segment 
-Royal Australian College of General Practitioners 
-Exercise & Sports Science Australia 
-Australian Strength & Conditioning Association 
-Australian Podiatry Association 
-Australian College of Sports Physician 
Local Government 
Associations (LGA) 
LGAs are the peak body for local government for a given 
Australian state 
- LGA QLD is a not-for-profit association setup solely to 
serve the state's 77 councils and their individual needs 
-LGA NSW is the peak industry association that represents 
the interests of NSW general purpose councils, 12 special 
purpose councils and the NSW Aboriginal Land Council 
Standards Australia Standards Australia is the nation's peak non-government, not-for- n/a 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
xvi 
 
profit standards organisation. Standards Australia is charged by 
the Commonwealth Government to meet Australia's need for 
contemporary, internationally-aligned Standards. Standards are 
published documents setting out specifications and procedures. 
They are designed to ensure products, services and systems are 
safe, reliable and consistent. They are based on sound industrial, 
scientific and consumer experience and are regularly reviewed to 
ensure they keep pace with new technologies. They cover 
everything from consumer products and services (including 
running clothing, shoes), construction, engineering, business, 
information technology, human services to energy and water 
utilities, the environment and much more 
Level 3: General Service & Healthcare Providers 
Running & Sports Clubs A running club helps its members train for, and compete in, cross 
country, road running, fell running, and/or track and field events 
-Many clubs are found nationwide 
Athletics & Sports Facilities A sports venue that facilitates running training and/or athletics 
competition. A building or place that provides athletic services, 
and might contain a field house, stadium, gymnasium, 
-AIS track & field centre (ACT) 
-Sydney Olympic Park Athletics Stadium (NSW) 
-Lakeside Stadium (VIC) 
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cafeteria/food outlets, classrooms, and locker rooms 
Public Gymnasiums An open air or covered location for gymnastics, athletics, and 
resistance training. Commercial gymnasiums are found in both 
regional and urban communities 
-24/7 fitness gymnasiums 
-Private gymnasiums 
Event Organisers Usually a consumer-led, experienced-focused organisation that 
connects people and places through innovation and collaboration 
through the development and marketing both local and national 
sporting events 
-Events management QLD 
-National ParkRun Australia 
-Race directors 
-OzTiming Event Management 
-Pont3 organisers of the Sydney Marathon 
-Sporting Spectrum 
-Timing Australia 
Healthcare Services A business entity that provides inpatient or outpatient testing or 
treatment of human disease or dysfunction; dispensing of drugs 
or medical devices for treating human disease or dysfunction 
-Hospitals 
-Private clinics 
Equipment & Product Retailers Industry retailers selling sporting goods and equipment. These 
products are sourced from domestic and international suppliers 
and then sold to consumers in stores or online 
-Life Fitness Australia 
-Garmin 
Nutrition & Supplement Retail food is all food, other than restaurant food, that is -Pharmacy 
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Retailers purchased by consumers and consumed off-premise. Retail food 
comes in all shapes and sizes and can be protected and regulated 
by numerous government agencies 
-Supplement Warehouse 
-Mass Nutrition 
Footwear Retailers Industry retailers specialising in footwear and/or running shoe 
sales 
-The Athlete’s Foot 
-Footlocker 
-Independent/privately owned outlets 
Registered Training 
Organisations 
Training organisations in Australia who offer a range of courses, 
and provide students with a choice of study modes for specific 
health-based professional roles 
-Australian Institute of Fitness (AIF) 
-Australian Institute of Personal Trainers (AIPT) 
Australian Institute of Sport (AIS) 
Athletics Media Sports journalism covering the reporting of sporting news and 
events. Sports journalists work in all media, including print, 
television broadcasting, and the internet 
-Runners World Australia 
-Run4YL (Run for Your Life) 
-CoolRunning Australia 
General Media The Media is the collective communication outlets or tools that 
are used to store and deliver information or data. It is either 
associated with communication media, or the specialised mass 
media communication businesses such as: print media and the 
press, photography, advertising, cinema, broadcasting (radio and 
television) and publishing 
-Local and national newspapers and television 
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eHealth and Informatics 
Companies 
Health and fitness-related electronic services that provide advice 
and/or consolidate personal data about fitness, training-related 
practices, and/or nutrition 
-Garmin Connect 
-Strava 
-MapMyRun 
Employers & Worksite A person or organisation that employs people n/a 
Event Sponsors To sponsor something is to support an event, activity, person, or 
organisation financially or through the provision of products or 
services. A sponsor is the individual or group that provides the 
support 
-Red Bull 
-McDonalds 
Level 4: Running Management, Supervision & Injury Prevention 
Coaches & Trainers Facilitates the direction, instruction, and training of the 
operations of a running team or of individual runners 
n/a 
Peer Groups A group of people approximately the same age, status, and 
interest 
n/a 
Family Members n/a -Spouse 
-Child 
-Daughter-in-law 
-Brother 
-Mother 
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-Grandparents 
-Guardian 
Podiatrists Specialise in the study, diagnosis, and medical and surgical 
treatment of disorders of the foot, ankle and lower extremity 
n/a 
Physiotherapists Using advanced techniques, physiotherapists assess, diagnose, 
treat and prevent a wide range of health conditions and 
movement disorders. Physiotherapy helps repair damage, reduce 
stiffness and pain, increase mobility, and improve quality of life. 
n/a 
Pharmacists Professionally qualified to prepare and dispense medicinal drugs n/a 
GPs & Sports Medicine 
Doctors 
A doctor based in the community who treats patients with minor 
or chronic illnesses and might refer patients to a hospital 
n/a 
Massage Therapists Trained in manipulation of the soft tissues of the body for 
therapeutic or healing purposes 
n/a 
Dieticians & Nutritionists An expert in dietetics; that is, human nutrition and the regulation 
of diet. A dietitian alters their patient's nutrition based upon their 
medical condition and individual needs. Dietitians are regulated 
healthcare professionals licensed to assess, diagnose, and treat 
n/a 
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nutritional problems 
Psychologists Trained to assess and diagnose of major mental illnesses and 
psychological problems 
n/a 
Exercise Physiologists An allied health professional who specialises in the benefits of 
exercise to help patients get fitter for all around good health, or 
to treat patients with a medical condition through exercise 
n/a 
Personal Trainers Fitness professional involved in exercise prescription and 
instruction. They motivate clients by setting goals and providing 
feedback and accountability to clients. Trainers also measure 
their client's strengths and weaknesses with fitness assessments 
n/a 
Strength & Conditioning 
Coaches 
Fitness and physical performance professional who uses exercise 
prescription specifically, but not limited, to improve the 
performance of competitive athletes 
n/a 
Alternative Therapy 
Practitioners 
Community-based allied health practitioners -Naturopaths (e.g. Homeopaths) 
-Osteopaths 
-Chiropractors 
-Traditional Chinese Medicine practitioners (e.g. 
Acupuncturists) 
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Specialist Medical Consultants Senior clinical and/or hospital-based physician or surgeon who 
has completed his or her specialist training and been placed on 
the specialist register in their chosen speciality 
-Cardiologist 
-Endocrinologist 
-Rheumatologist 
-Sports medicine specialist 
Biomechanists Studies the mechanical laws relating to the movement or 
structure of living organisms 
n/a 
Sport Scientists Expert in how the healthy human body works during exercise, 
and how sport and physical activity promote health from cellular 
to whole body perspectives. 
n/a 
Level 5: Runner & The Running Process 
External & Environmental 
Factors 
Load-related exposures which directly affect the magnitude and 
distribution of the applied load during running 
-Footwear 
-Surface 
-Terrain 
Personal Characteristics Load-related and capacity-related exposures which directly affect 
both the magnitude and distribution of the applied load during 
running, and the structure-specific capacity to withstand it 
-Demographics; age and sex 
-Anthropometrics; body mass index 
-Biomechanics; ground reactions force 
-Psychology; personality type 
-Genetics; somatotype 
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Lifestyle Factors Capacity-related exposures which directly affect the ability of a 
specific musculoskeletal structure to withstand the applied load 
-Diet and nutrition 
-Activities of daily living 
-Employment duties 
-Rest periods between running sessions 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1
Click here to download high resolution image
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7.5 SUMMARY 
The distance running and systems thinking experts who participated in this study reached group 
consensus about the validity of Australian distance running systems model after two rounds of feedback.  
As well as the discussed theoretical and practical benefits associated with the validated model, another 
contribution associated with Chapter Seven is in its ‘call to arms’ approach which will now encourage 
researchers to keep investigating the cause and prevention of RRI from a systems-based research 
perspective. 
Overall, this is the first study to formally examine the aetiology and prevention of RRI from a systems 
thinking theoretical perspective.  It is also the first piece of scholarly work to offer a validated model that 
includes the control and feedback mechanisms between a diverse range of persons and organizations who 
are involved in the control of RRI, including the health and safety of runners.  Furthermore, the 
integration of an adapted version of Chapter Three’s causal schematic within the broader sociotechnical 
systems context, is an important step in bringing together a reductionist and biomedical model with an 
ecological paradigm of RRI aetiology and prevention.  A high-resolution version of the validated complex 
systems model can be found at the end of this thesis (Appendix 3). 
The conclusion of Chapter Seven marks the end of the original contributions to the sports injury 
prevention research literature.  This PhD thesis will now move on to discuss the key findings and suggest 
how this work can be used to inform the conduct of future research. 
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8.0 DISCUSSION 
8.1 OVERVIEW OF THESIS CHAPTERS 
The purpose of this PhD thesis was to present a new theoretical perspective and promote an alternative 
research direction to complement the application of traditional forms of scientific inquiry for better 
understanding the aetiology and prevention of RRI.  To achieve that purpose, it was important to 
recognise that the popularity of distance running has considerably increased, and that RRI continues to 
represent a major barrier to an active and healthy lifestyle (Chapter One).  The next step involved an 
attempt to understand the causal basis of RRI, and so an evidence compilation of the published aetiologic 
literature was conducted (Chapter Two) (81).  Given that few definitive conclusions about RRI causation 
were established in that review, it was necessary to revisit the causal basis of RRI development, and 
carefully evaluate the nature of the relationship between certain exposures and the role they play in 
aetiological mechanisms (Chapter Three) (82).  After establishing that sports participation (i.e. stride 
number) is the only necessary cause for RRI development, it was possible to gain a broader perspective 
and discuss the underpinning epistemological motivation for wanting to routinely apply traditional 
epidemiological and clinical research-based applications in this context (Chapter Four) (83).  Reflecting 
on those philosophical foundations exposed a need to think differently about the aetiology and prevention 
of RRI, which included consideration of the advantages associated with taking a systems thinking 
perspective (Chapter Five and Chapter Six) (84, 85).  Overall, that process ultimately led to a fully 
validated Australian distance running STAMP model (Chapter Seven). 
8.2 CHAPTER SUMMARIES 
The main problem associated with RRI prevention research is that it has been challenging to identify and 
explain why a given runner sustains an injury.  Accordingly, Chapter Two compiled a considerable body 
of casual evidence for better exposing RRI aetiology.  However, during the compilation of such 
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knowledge, it was apparent that many of the included articles had not, for reasons unknown, taken into 
consideration how running participation itself changes in relation to RRI risk.  Wanting to isolate 
statistically significant observed associations has its place in the broader field of epidemiology; however, 
such an approach when used in the RRI prevention research context cannot sufficiently elucidate 
underpinning aetiological mechanisms – and therein lies the main causal problem.  It was the role of 
Chapter Three to discuss, amongst other things, why it was necessary to prioritise the time-varying nature 
of running participation as the primary exposure of interest in causal analyses.  The importance of that 
work was its generated causal schematic of RRI development, which can be used to inform the design and 
conduct of future epidemiological and clinical research-based applications. 
In a similar way to Chapter Three, Chapter Four acknowledged that the routine identification of 
statistically significant observed associations alone would not provide the necessary information about 
how best to prevent RRI.  Despite the pursuit of similar goals, however, those two chapters arrived at a 
very different set of recommendations.  Indeed, rather than suggesting ways to improve the conduct of 
traditional forms of scientific inquiry and research, Chapter Four contemplated deeper philosophical 
issues and promoted the use of a complementary theoretical orientation and epistemological alternative.  
Specifically, it argued for a pragmatic intellectual disposition towards the acquisition of knowledge that, 
if considered in the planning and designing stages of causal research, might also encourage scientists to 
explore the aetiology and prevention of RRI in novel and/or innovative ways.  Those latter suggestions 
effectively facilitated the research direction for Chapter Five, which reviewed the evolution of pioneering 
causal concepts in the health sciences.  Reflecting on that historical context offered a great deal of 
perspective – not only in terms of the rate in which causal theories have progressed – but also for what 
opportunities might lay ahead in terms of operationalising systems thinking research-based approaches. 
Formulating a given causal inference based on a statistically significant observed association in 
epidemiology is a product of ‘counter-to-fact’ reasoning.  Even though the scientific formalisation of 
166 
 
counterfactual reasoning is the most robust means of determining whether two health-related events are 
related, Chapter Six argued that epidemiological studies are often limited insofar as their reliance on using 
observational data for establishing RRI aetiology.  Aside from the added possibility of being able to 
sharpen the estimation of observed casual effects with sophisticated analytical approaches, it is the RCT 
study design that is best used for emulating a counterfactual scenario.  However, as shown in Chapter 
Two, the few RCTs as found in the RRI prevention research context have been afflicted with numerous 
methodological limitations.  Therefore, given the range of biases that threaten the internal validity 
associated with experimental study designs, Chapter Six argued for the use of a complementary systems 
ergonomics method for better understanding a range of systemic determinants associated with the 
aetiology and prevention of RRI.  This led to the creation of a prototype STAMP model of the distance 
running system, which was subsequently validated in Chapter Seven. 
8.3 REVISITING THE THEORETICAL BASIS OF RRI CAUSALITY 
Previous commentators have recognised that the causal basis of sports injury development is 
‘multifactorial’, essentially meaning that it is the interaction between intrinsic and extrinsic risk factors 
along with an inciting event that affects a given athlete’s injury susceptibility (86-88).  Later work 
expanded on the importance of fully describing the characteristics associated with intrinsic and extrinsic 
exposures (89), and recommended that emphasis be placed on completely understanding the 
biomechanical and behavioural features of the inciting event (90-92).  Over a decade later, investigators 
returned to the topic of sports injury causation when it was realised that its aetiology was not linear, but 
rather, dynamic and recursive in nature (93).  In other words, the delicate balance between a given 
athlete’s predisposition and susceptibility for injury development is continuously changing based on their 
level of sports participation.  Accordingly, it is those changes to the level of participation that results in 
adaptation or maladaptation, and contributes to a decreased or increased risk of sports injury, respectively. 
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Little causal work was conducted in the decade that followed on from the initial presentation of the 
revised multifactorial model in 1994.  However, because there has been a great deal of recent interest into 
the topic of workloads in sports, including how training and competitive loads relate to injury 
development (94-96), another aetiological model has now emerged (97).  This recent model accounted for 
the dynamic and recursive nature of sports injury risk and causation through the explicit incorporation of 
workloads into its framework.  Specifically, it visualised that fluctuations to the applied sports-related 
workload, which is a quantifiable feature of participation, can affect an athlete’s susceptibility for injury 
in two ways: (i) through exposing them to potentially injurious situations; and, (ii) via their positive and 
negative effects on numerous modifiable intrinsic risk factors (97).  However, like the injury aetiology 
models that preceded it, the aim was to conceptualise the development of sports injury more generally 
(i.e. without consideration of a specific sporting context).  Therefore, the need for a targeted RRI 
aetiological framework provided justification for the design of the causal schematic as presented in 
Chapter Three of this thesis, which was later adapted and integrated into the validated STAMP model as 
presented in Chapter Seven. 
In drawing on Chapter Seven, there are numerous study design considerations and analytical implications 
associated with the causal schematic of RRI development (Figure 3).  In relation to the design of future 
research, scientists should carefully consider how best to formulate their study questions and hypotheses – 
or at the very least – acknowledge that there are alternative (and more appropriate) ways of phrasing 
them.  Indeed, as was the case for most of the studies included in Chapter Two, it has been usual practice 
to attempt to identify RRI risk factors in isolation, evidenced by questions such as, “is a higher BMI 
independently associated with RRI”? (98-102), or, “does more cushioning and use of orthotics in running 
footwear reduce the risk of RRI”? (103-105).  From a causal perspective, however, a single risk factor 
approach is not optimal because a given runner cannot sustain a RRI due to excess weight alone, or 
because they choose run in minimalist footwear.  In fact, the only necessary cause for RRI is participating 
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in running itself (106).  In relation to Figure 3 in Chapter Seven, load-related and capacity-related factors 
are neither necessary nor sufficient causes, but they might still modify the magnitude of the causal effect 
between how much participation (e.g. stride number) can be undertaken before RRI is sustained (107).  
That theoretical causal insight might be self-evident when taken on face value, however the ability to 
appropriately conceptualise the development of RRI affords further knowledge about why it is important 
to delineate between statistical concepts such as confounding and effect-measure modification (Figure 1 
and Figure 2). 
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BMI 
Figure 1: A visual representation of how a confounding variable can distort the true relationship 
between stride number on the risk of sustaining running-related injury 
Confounding occurs when a given extraneous variable correlates with both the independent and dependent 
variable and thus distorts the magnitude of the causal effect between them.  Figure 2 illustrates confounding 
by using BMI as the confounder, and stride number as the primary exposure. 
 
 
Stride number Structure-Specific 
Cumulative Load RRI 
Figure 2: Effect-measure modification visualised in a schematic which shows the moderating effect of 
BMI on structure-specific cumulative load 
Effect-measure modification occurs when the magnitude of the effect between the primary exposure of 
interest and RRI differs in accordance with the level of a third variable (e.g. BMI can be dichotomised 
≥30kg/m2 or <29kg/m2).  Figure 3 illustrates effect-measure modification.  The distinction between 
confounding and effect-measure modification is important because BMI does not have a direct relationship 
with RRI development, and therefore is neither necessary nor sufficient to cause RRI. 
BMI 
Structure-Specific 
Cumulative Load Stride number RRI 
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Only one study in the RRI prevention research context has appropriately ascribed the concept of effect-
measure modification to a load-related exposure.  Nielsen and co-workers (108) examined the moderating 
effect of BMI on RRI risk in relation changes to weekly running participation.  To achieve that, stratum-
specific estimates of association were computed based on two levels of BMI and weekly running distance.  
The results associated with that study demonstrated that a significantly greater number of runners with a 
high BMI (≥30kg/m2) sustained a RRI if they ran ≥3km during the first week of a running program when 
compared to their lighter counterparts who ran less (108).  Likewise, a recent study in a team-based sports 
context examined the moderating effect of scapular dyskinesis (i.e. abnormal shoulder movement) on the 
relationship between changes to handball participation and the risk of sustaining shoulder-related injury 
(109).  Again, the investigators used stratum-specific analyses and found that the effect of a moderate 
increase in participation (defined as a 20-60% progression in hours of playing time) on the risk of 
developing handball-related shoulder injury was significantly higher among athletes with scapular 
dyskinesis when compared to controls. 
Studies which formally prioritise sports participation are practically appealing because support personnel, 
including medical staff and coaches, can use such information to directly manipulate how much 
running/throws/playing time can be performed amongst athletes who are already predisposed to injury.  
However, to account for effect-measure modification in the distance running context, prospective cohort 
study designs require a high incidence of RRI, as well as a sample size large enough to afford the 
possibility of forming different strata to ensure adequate statistical power.  In further compounding those 
challenges, another consideration is that most risk factors change status over time.  For instance, if 
‘sudden changes’ to cumulative stride number is primarily considered responsible for the development of 
RRI (i.e. training load error), then advanced analytical approaches are needed to account for the time-
varying nature of running participation (110). 
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In summary, Figure 3 in Chapter Seven prompts us to investigate the extent to which load-related and 
capacity-related exposures affect injury risk through changes to the number of strides taken during one or 
more running sessions.  That finding is important because runners often pose questions to their coaches 
and/or healthcare providers such as, “how should I schedule my training”? and “how much running is too 
much”?  Accordingly, the design of future aetiological research should ideally align with how modern 
theoretical causal frameworks are presented.  This includes consideration for the important differences 
between confounding and effect-measure modification in relation to RRI development. 
8.4 THE FUTURE OF SYSTEMS THINKING FOR RUNNING INJURY 
This PhD thesis has contributed to a limited number of articles that suggest why further ecological 
approaches are needed in the sports injury prevention research context (111-114).  More specifically, this 
is the first formal body of scholarly work to explicitly describe why a systems thinking theoretical 
perspective should be used for better understanding the aetiology and prevention of RRI.  In taking 
several of the presented ideas further, a ‘complex systems ergonomics model’ of the Australian distance 
running system was created based on the STAMP method.  The validated version of that model visualised 
a range of actors, organisations, and factors that are associated with the control and management of RRI.  
Such an ecological perspective of the distance running system is the first step towards considering the use 
of more advanced computational techniques such as systems dynamics and ABM. 
8.5 SYSTEMS DYNAMICS MODELLING 
In building on the use of computational systems-based methodologies – which were briefly touched upon 
in Chapter Five and suggested in Chapter Seven – the next suite of research applications following this 
thesis work should utilise a systems dynamics modelling approach for better understanding RRI 
prevention.  For instance, the actors and organisations, and control and feedback mechanisms associated 
with the validated model of the Australian distance running system (Chapter Seven), represent a starting 
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point from which to further understand how certain nonlinear behaviours function over time.  In fact, the 
STAMP method was designed in mind of the positive (i.e. self-reinforcing) and negative (i.e. self-
correcting) feedback mechanisms that lie at the heart of systems dynamics modelling (115).  In that 
regard, systems dynamics modelling is based on the notion that complex behaviours associated with a 
given systems context result from the nature of the interactions between its many different elements. 
In its early days, systems dynamics modelling was very much a hands-on process, and the aim was to 
manually produce a set of interlocking positive and negative causal loop diagrams.  However, in 
paralleling technological growth, those initial diagrams have now been animated using computational 
software, and has already been applied in a range different fields, including the health sciences in relation 
to chronic disease prevention (116).  For example, a systems dynamics model that used empirical data for 
parameter selection and estimation, was used to simulate a computer model of diabetes population 
dynamics (117).  Based on numerous model assumptions and the use of historical data, that systems 
dynamics model allowed the research team to track the rates at which healthy people are diagnosed with 
diabetes, and then assess the hypothesised effects of various preventative-care interventions on its 
population-level incidence (117).  In a similar way, the goal of systems dynamics modelling for RRI 
prevention is not to identify nor quantify the statistical strength of hypothesised causal relations.  That is 
the role of traditional scientific approaches.  Rather, comparable to applications of systems dynamics 
modelling for testing the effectiveness of cardiovascular disease programs (118, 119), it could be used in 
a strategic way to evaluate the long-term sustainability of RRI prevention interventions. 
Chapter Five referred to several systems thinking values and principles, and in doing so suggested that the 
implementation of targeted RRI prevention interventions might have undesirable or counterintuitive 
effects (i.e. they might worsen the problem in the long term).  Systems dynamics modelling is a tool that 
could be used for testing a range of different conditions and scenarios that might impede the effectiveness 
of both individual-level and ecologic injury prevention strategies in the real-world.  The running of 
173 
 
simulations is not an exact science, and the process can be lengthy, iterative, and pragmatic in terms of 
how causal loops models are constructed and animated.  Nonetheless, the next step is to draw on the 
Australian distance running systems model, and consider how to move forwards with systems dynamics 
modelling. 
8.6 AGENT BASED MODELLING 
With specific regard to another systems-based research approach, ABM is computational technique that 
can be used to simulate the nature of the behaviour of heterogenous “agents”.  In this case, agents can 
represent many different entities, from the inanimate to the living, such as objects (e.g. running footwear), 
persons (e.g. runners, coaches, and health professionals), organisations (e.g. athletics governing bodies), 
and even mass synthetic populations (e.g. communities of runners) (120).  Systems dynamics modelling 
differs from ABM in the sense that the former aims to homogenise the role of independent and 
autonomous agents and elements by transmuting their behaviours into a series of casual loops. 
Historically, one of the primary reasons for using ABM has been to understand (and more so to predict), 
the global patterns, transmission, and course of wide-scale epidemics and infectious diseases (121).  In 
fact, after rules have been assigned to each living agent in the computer-based software of choice, ABM 
has the capability to track each agent as it moves about virtual space, and interacts with other agents and 
elements in the system (122).  Furthermore, in the case of living agents, they can be programmed imitate 
the behaviours of real persons insofar as displaying complete human tendencies.  Examples include a 
vulnerability to fall victim to biases, errors in judgement, and fear, as well as agents’ aversion towards or 
preference for, adopting new ideas.  The principle reason for using ABM can be traced back to its 
capability to exhibit emergent behavioural patterns that would otherwise be impossible to determine with 
traditional mathematical and statistical approaches (123). 
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In using an example closer to home, ABM could be used to investigate how the marketing and promotion 
of minimalist running footwear is impacting on consumers’ purchasing behaviours, such as their 
willingness to adopt the new product (124).  In extending that example further, after certain rules and 
behaviours have been programmed into ABM software, it would be possible to test the effect of 
transitioning to a barefoot running condition on the risk of sustaining RRI across entire populations 
spanning many years.  By drawing on traditional scientific findings, the runners in an ABM analysis 
could be programmed to have a unique biological predisposition for RRI based on their readiness to use 
minimalist footwear, as well as their connectedness with other runners and/or training-related 
characteristics (e.g. frequency of training or weekly running distance).  In summary, ABM can be used to 
suggest the mechanisms by which a range of contextual factors shape the incidence or patterns of a 
health-related outcome (e.g. political systems, sociocultural influences, and properties of the built 
environment), as well as to test the potential effectiveness of public health interventions (125).  Like 
systems dynamics modelling, future research should consider how to use ABM in this context. 
8.7 STRENGTHS AND LIMITATIONS OF THE RESEARCH 
Irrespective of how or why computational and simulation-based approaches are to be used, the first step 
required is to fully understand the sociotechnical system at hand, including who and what comprises it, as 
well as the potential relationships that connect its multiple elements.  The Australian distance running 
STAMP model (Chapter Seven) represents an original conceptual framework that can be referred to when 
thinking about how to go about further investigating the depicted control and feedback mechanisms with 
those simulated modelling approaches.  On a much broader level, however, the fundamental contribution 
associated with this thesis is in its thought-provoking offerings and systems thinking theoretical 
perspective that should now encourage researchers to use, refine, and/or adapt a range of existing methods 
to address the complexities underpinning the nature of RRI causation and its prevention more completely. 
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Taken overall, this PhD thesis has several strengths.  Firstly, it has taken a systematic approach to 
understanding the factors associated with RRI development.  The systematic review presented in Chapter 
Two assessed the methodological quality of a considerable number of articles, and so it was possible to 
appreciate how research-based limitations might have impacted on the interpretation of causal results.  
Secondly, the generation of a causal schematic of RRI development was needed in the scientific thematic 
given that very few studies had prioritised running participation as the primary exposure of interest.  
Future research applications can now draw on the causal schematic when conceptualising the relationship 
between different exposures.  Thirdly, this PhD thesis has presented new and important theoretical ideas 
in the sports injury prevention research context.  Specifically, Chapter Four through to Chapter Six 
gradually informed the creation of a validated complex systems model that was presented and validated in 
Chapter Seven.  Those chapters collectively present further questions that now require formal resolution.  
For example, how can researchers practically operationalise an ecological and systems thinking 
theoretical perspective, as well as the validated model, with computational simulated modelling 
approaches?  Likewise, how can highly controlled scientific inquiry and data be factored into, for 
example, a systems dynamics model or ABM analysis?  This thesis has stimulated thought, and represents 
a catalyst for a whole new line of research. 
Above and beyond the limitations already discussed in specific chapters, the primary shortcoming that 
applies to this whole body of work pertains to its theoretical nature.  Scientific theories vary in the extent 
to which they have been conceptually developed and empirically tested; however, ‘testability’ is an 
important feature of a given theory.  There was no formal testing of the theories or ideas presented in this 
thesis.  Rather, this PhD project has only challenged theoretical assumptions, questioned common beliefs, 
examined broader issues, and critiqued the application of standard research practices.  Although this lends 
itself well to a series of related chapters, there is a definite need to build on the arguments, ideas, and 
suggestions with further work of the empirical kind.  This will be the focus of future research. 
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8.8 CONCLUSION 
This PhD project has fulfilled its purpose which was to present a new theoretical perspective and promote 
an alternative research direction to complement the application of traditional forms of scientific inquiry 
for better understanding the aetiology and prevention of RRI.  Overall, this thesis contains three mutually 
inclusive parts.  Firstly, Chapter Two and Chapter Three were focused on understanding RRI 
development and its prevention through more of traditional scientific and reductionist lens.  Secondly, 
Chapter Four and Chapter Five commenced the process of promoting an alternative and complementary 
systems thinking theoretical perspective; arguing that such an approach is warranted in the RRI scientific 
thematic.  Thirdly, Chapter Six and Chapter Seven elaborated on the preceding philosophical and 
theoretical ideas and suggestions, to justify the need and use of a systems ergonomics research approach.  
The final validated Australian distance running STAMP model is by no means complete nor final, but it is 
a perfect end to this theoretically-focussed thesis.  Future research should continue to gain traction from 
mathematically minded scholars and/or computational systems analysts who might build on the initial 
qualitative premise in unique and innovative ways. 
 
 
 
 
 
 
 
 
177 
 
REFERENCES 
This list of references applies only to the main body of the thesis.  References relating to the specifics of 
each chapter are contained within the respective papers 
1. Chen, I. Born to Run: Humans can outrun nearly every other animal on the planet over long distances. 
Discover Magazine. 2006 [Accessed: 12 December 2016 ]. Available from: 
http://discovermagazine.com/2006/may/tramps-like-us. 
 
2. Liebenberg, L. Persistence hunting by modern hunter-gatherers. Curr Anthropol. 2006;47(6):1017-26. 
 
3. Niemitz, C. The evolution of the upright posture and gait—a review and a new synthesis. 
Naturwissenschaften. 2010;97(3):241-63. 
 
4. Bramble, D.M, Lieberman, D.E. Endurance running and the evolution of Homo. Nature. 
2004;432(7015):345-52. 
 
5. Nally, T.H. The Aonac Tailteann and the Tailteann Games: Their origin, history and ancient 
associations (classic reprint) 2012. Dublin: The Talbot Press Limited. 
 
6. McDougall, C. Born to Run. 2010. United States of America: Vintage Books. 
 
7. Matthews, V.J. The "Hemerodromoi": Ultra long-distance running in antiquity. Classical World. 
1974;68(3):161-9. 
 
8. Sears, E.S. Running through the ages. 2008. United States of America: McFarland. 
178 
 
 
9. Cregan-Reid, V. Running numbers continue to rise - here's why. The Conversation. 2016 [Accessed 21 
December 2016]. Available from: https://theconversation.com/running-numbers-continue-to-rise-heres-
why-59862. 
 
10. Strout, E. 2016 NYC Marathon breaks record for most marathon finishers. Runner's World. 2016 
[Accessed 21 December 2016]. Available from: http://www.runnersworld.com/new-york-city-
marathon/2016-nyc-marathon-breaks-record-for-most-marathon-finishers. 
 
11. Abbas, A. The embodiment of class, gender and age through leisure: A realist analysis of long 
distance running. Leisure Stud. 2004;23(2):159-75. 
 
12. Shipway, R, Holloway, I. Running free: Embracing a healthy lifestyle through distance running. 
Perspect Pub Heal. 2010;130(6):270-6. 
 
13. Duck-chul, L, Brellenthin, A.G, Thompson, P.D, Sui, X, I-Min, L, Lavie, C.J. Running as a key 
lifestyle medicine for longevity. Prog Cardiovasc Dis. 2017;(in press):doi:10.1016/j.pcad.2017.03.005. 
 
14. Duck-chul, L, Pate, R.R, Lavie, C.J, Sui, X, Chrich, T.S, Blair, S.N. Leisure-time running reduces all-
cause and cardiovascular mortality risk. J Am Coll Cardiol. 2014;64(5):472-81. 
 
15. Hespanhol, J.L.C, Pillay, J.D, van Mechelen, W, Verhagen, E. Meta-analyses of the effects of habitual 
running on indices of health in physically inactive adults. Sports Med. 2015;45(10):1455-68. 
 
179 
 
16. Morris, M, Salmon, P. Qualitative and quantitative effects of running on mood. J Sports Med Phys 
Fitness. 1994;34(4):284-91. 
 
17. Otto, M.W, Smits, J.A.J. Exercise for mood and anxiety: Proven strategies for overcoming depression 
and enhancing well-being. 2011. New York: Oxford University Press. 
 
18. Australian Bureau of Statistics (ABS). Participation in sport and physical recreation, Australia, 2013-
14. ABS. 2015 [Accessed 16 January 2017]. Available at: 
http://www.abs.gov.au/ausstats/abs@.nsf/mf/4177.0 
 
19. Australian Bureau of Statistics. Australians keep jogging and running. ABS. 2012 [Accessed 16 
January 2017]. Available at: 
http://www.abs.gov.au/ausstats/abs@.nsf/lookup/4177.0Media%20Release12011-12. 
 
20. Hreljac, A. Impact and overuse injuries in runners. Med Sci Sports Exerc. 2004;36(5):845-9. 
 
21. Kluitenberg, B, van Middelkoop, M, Diercks, R, van der Worp, H. What are the differences in injury 
proportions between different populations of runners? A systematic review and meta-analysis. Sports 
Med. 2015;45(8)1143-1161. 
 
22. Videbæk, S, Bueno, A.M, Nielsen, R.O, Rasmussen, S. Incidence of running-related injuries per 1000 
h of running in different types of runners: A systematic review and meta-analysis. Sports Med. 
2015;45(7)1017-1126. 
 
180 
 
23. Glick, J.M, Katch, V.L. Musculoskeletal injuries in jogging. Arch Phys Med Rehabil. 
1970;51(3):123-6. 
 
24. James, S.L, Bates, B.T, Osternig, L.R. Injuries to runners. Am J Sports Med. 1978;6(2):40-50. 
 
25. Buchbinder, R.M, Napora, N.J, Biggs, E.W. The relationship of abnormal pronation to 
chondromalacia of the patella in distance runners. J Am Podiatry Assoc. 1979;69(2):159-62. 
 
26. Koplan, J.P, Powell, K.E, Sikes, K.R, Shirley, R.W. A epidemiologic study of the benefits and risks 
of running. J Am Med Assoc. 1982;248(23):3118-21. 
 
27. Nicholl, J.P, Williams, B.T. Medical problems before and after a popular marathon. Br Med J. 
1982;285(6353):1465-6. 
 
28. Maughan, R.J, Miller, J.D.B. Incidence of training-related injuries among marathon runners. Br J 
Sports Med. 1983;17(3):162-5. 
 
29. Sullivan, D, Warren, R.F, Pavlov, H, Kelman, G. Stress fractures in 51 runners. Clin Orthop. 
1984;187:188-92. 
 
30. Gudas, C.J. Patterns of lower-extremity injury in 224 runners. Compr Ther. 1980;6(9):50-9. 
 
31. Noble, C.A. Iliotibial band friction syndrome in runners. Am J Sports Med. 1980;8(4):232-4. 
 
181 
 
32. McNicol, K, Taunton, J.E. Iliotibial tract friction syndrome in athletes. Can J Appl Sport Sci. 
1981;6(2):76-80. 
 
33. Clement, D.B, Taunton, J.E, Smart, G.W. Achilles tendinitis and peritendinitis: Etiology and 
treatment. Am J Sports Med. 1984;12(3):179-84. 
 
34. Pinshaw, R, Atlas, V, Noakes, T.D. The nature and response to therapy of 196 consecutive injuries 
seen at a runners' clinic. S Afr Med J. 1984;65(8):291-8. 
 
35. Kretsch, A, Grogan, R, Duras, P, Allen, F, Sumner, J, Gilllam, I. 1980 Melbourne marathon study. 
Med J Aust. 1984;141:809-14. 
 
36. Walter, S.D, Hart, L.E, Sutton, J.R, McIntosh, J.M, Gauld, M. Training habits and injury experience 
in distance runners: Age- and sex-related factors. Phys Sportsmed. 1988;16(6):101-4. 
 
37. Walter, S.D, Hart, L.E, McIntosh, J.M, Sutton, J.R. The Ontario cohort study of running-related 
injuries. Arch Intern Med. 1989;149(11):2561-4. 
 
38. Macera, C.A, Pate, R.R, Powell, K.E, Jackson, K.L, Kendrick, J.S, Craven, T.E. Predicting lower-
extremity injuries among habitual runners. Arch Intern Med. 1989;149(11):2565-8. 
 
39. Brunet, M.E, Cook, S.D, Brinker, M.R, Dickinson, J.A. A survey of running injuries in 1505 
competitive and recreational runners. J Sports Med Phys Fitness. 1990;30(3):307-15. 
 
182 
 
40. Valliant, P.M. Personality and injury in competitive runners. Percept Mot Skills. 1981;53(1):251-3. 
 
41. Marti, B, Rehmann, R. Determinants of physician visit rates among joggers: Multivariate analysis of 
4000 participants in a popular race. Soz Praventivmed. 1987;32(4-5):204-6. 
 
42. Fields, K.B, Delaney, M, Hinkle, S.J. A prospective study of type A behaviour and running injuries. J 
Fam Pract. 1990;30(4):425-9. 
 
43. Myburgh, K.H, Hutchins, J, Fataar, A.B, Hough, S.F, Noakes T.D. Low bone density is an etiologic 
factor for stress fractures in athletes. Ann Intern Med. 1990;113(10):754-9. 
 
44.Grimston, S.K, Engsberg, J.R, Kloiber, R, Hanley, D.A. Bone mass, external loads, and stress fracture 
in female runners. J Appl Biomech. 1991;7(3):293-302. 
 
45.Messier, S.P, Davis, S.E, Curl, W.W, Lowery, R.B, Pack, R.J. Etiologic factors associated with 
patellofemoral pain in runners. Med Sci Sports Exerc. 1991;23(9):1008-15. 
 
46.Jakobsen, B.W, Nielsen, A.B, Yde, J, Krøner, K, Møller-Madsen, B, Jensen, J. Epidemiology and 
traumatology of injuries in track athletes. Scand J Med Sci Sports. 1992;3(1):57-61. 
 
47.Moss, R.I, DeVita, P, Dawson, M.L. A biomechanical analysis of patellofemoral stress syndrome J 
Athl Train. 1992;27(1):64-9. 
 
183 
 
48. van Mechelen, W, Hlobil, H, Zijlstram W.P, de Riddler, M, Kemper, H.C.G. Is range of motion of the 
hip and ankle joint related to running injuries? A case conrol study. Int J Sports Med. 1992;13(8):605-10. 
 
49. Messier, S.P, Edwards, D.G, Martin, D.F, Lowery, R.B, Cannon, D.W, James, M.K, Curl, W.W, 
Read, H.M, Hunter, D.M. Etiology of iliotibial band friction syndrome in distance runners. Med Sci 
Sports Exerc. 1995;27(7):951-60. 
 
50. Bennell, K.L, Malcolm, S.A, Thomas, S.A, Wark, J.D, Brukner, P.D. The incidence and distribution 
of stress fractures in competitive track and field athletes: A twelve-month prospective study. Am J Sports 
Med. 1996;24(2):211-7. 
 
51. Wen, D.Y, Puffer, J.C, Schmalzried, T.P. Injuries in runners: A prospective study of alignment. Clin J 
Sport Med. 1998;8(3):187-94. 
 
52. Crossley, K, Bennell, K.L, Wrigley, T, Oakes, B.W. Ground reaction forces, bone characteristics, and 
tibial stress fracture in male runners. Med Sci Sports Exerc. 1999;31(8):1088-93. 
 
53. McCrory, J.L, Martin, D.F, Lowry, R.B, Cannon, W.D, Curl, W.W, Read, H.M, Hunter, M.D, 
Craven, T, Messier, S.P. Etiologic factors associated with Achilles tendinitis in runners. Med Sci Sports 
Exerc. 1999;31(10):1374-81. 
 
54. Bredeweg, S.W, Kluitenberg, B, Bessem, B, Buist, I. Differences in kinetic variables between injured 
and noninjured novice runners: A prospective cohort study. J Sci Med Sport. 2013;16(3):205-10. 
 
184 
 
55. Hespanhol, L, C, Costa, L.O.P, Lopes, A.D. Previous injuries and some training characteristics predict 
running-related injuries in recreational runners: A prospective cohort study. J Physiother. 2013;59(4):263-
9. 
 
56. Kluitenberg, B, van Middelkoop, M, Diercks, R.L, Hartgens, F, Verhagen, E.A, Smits, D, Buist, I, 
van Der Worp, H. The NLstart2run study: Health effects of a running promotion program in novice 
runners, design of a prospective cohort study. BMC Public Health. 2013;13:685. 
 
57. Nielsen, R.O, Buist, I, Parner, E.T, Nohr, E.A, Sørensen, H, Lind, M, Rasmussen, S. Predictors of 
running-related injuries among 930 novice runners: A 1-year prospective follow-up study. Orthop J 
Sports Med. 2013;1(1):1-7. 
 
58. Nielsen, R.O, Buist, I, Parner, E.T, Nohr, E.A, Sorensen, H, Lind, M, . Foot pronation is not 
associated with increased injury risk in novice runners wearing a neutral shoe: A 1-year prospective 
cohort study. Br J Sports Med. 2013:440-7. 
 
59. Nielsen, R.O, Parner, E.T, Nohr, E.A, Sørensen, H, Lind, M, Rasmussen, S. Excessive progression in 
weekly running distance and risk of running-related injuries: An association which varies according to 
type of injury. J Orthop Sports Phys Ther. 2014;44(10):739-47. 
 
60. Kluitenberg, B, van der Worp, H, Huisstede, B.M, Hartgens, F, Diercks, R, Verhagen, E, van 
Middelkoop, M. The NLstart2run study: Training-related factors associated with running-related injuries 
in novice runners. J Sci Med Sport. 2015;19(8)642-646. 
 
185 
 
61. van Gent, R.N, Siem, D, van Middelkoop, M, van Os, A.G, Bierma-Zeinstra, S.M.A, Koes, B.W. 
Incidence and determinants of lower extremity running injuries in long distance runners: A systematic 
review. Br J Sports Med. 2007;41(8):469-80. 
 
62. Nielsen, R.O, Buist, I, Sørensen, H, Lind, M, Rasmussen, S. Training errors and running related 
injuries: A systematic review. Int J Sports Phys Ther. 2012;7(1):58-74. 
 
63. Saragiotto, B.T, Yamato, T.P, Hespanhol, L.C, Rainbow, M.J, Davis, I.S, Lopes, A.D. What are the 
main risk factors for running related injuries? Sports Med. 2014;44(8):1153-63. 
 
64. van Mechelen, W. Running injuries: A review of the epidemiological literature. Sports Med. 
1992;14(5):320-35. 
 
65. Finch, C.F. A new framework for research leading to sports injury prevention. J Sci Med Sport. 
2006;9(1-2):3-9. 
 
66. van der Worp, M.P, ten Haaf, D.S, van Cingel, R, de Wijer, A, Nijuis-van der Sanden, M.W, Staal, 
J.B. Injuries in runners: A systematic review on risk factors and sex differences. PLoS ONE. 2015;10(2): 
e0114937. 
 
67. Kulinskaya, E, Dollinger, M.B, Bjørkestøl, K. Testing for homogeneity in meta-analysis I. The one-
parameter case: standardized mean difference. Biometrics. 2011;67(1):203-12. 
 
186 
 
68. Yamato, T.P, Saragiotto, B.T, Hespanhol Junior, L.C, Yeung, S.S, Lopes, A.D. Descriptors used to 
define a running-related musculoskeletal injury: A systematic review. J Orthop Sports Phys Ther. 
2015;45(5)366-374. 
 
69. Yamato, T.P, Saragiotto, B.T, Lopes, A.D. A consensus definition of running-related injury in 
recreational runners: A modified Delphi approach. J Orthop Sports Phys Ther. 2015;45(5)375-380. 
 
70. Verhagen, E.A. Prevention of running-related injuries in novice runners: Are we running on empty? 
Br J Sports Med. 2012;46(12):836-7. 
 
71. Kluitenberg, B, van Middelkoop, M, Verhagen, E, Hartgens, F, Huisstede, B, Diercks, R, van der 
Worp, H. The impact of injury definition on injury surveillance in novice runners. J Sci Med Sport. 
2016;19(6):470-5. 
 
72. Trochim, W.M, Cabera, D.A, Milstein, B, Gallagher, R.S, Leischow, S.L. Practical challenges of 
systems thinking and modeling in public health. Am J Public Health. 2006;96(3):538-46. 
 
73. Diez Roux, A.V. Intergrating social and biologic factors in health research: a systems view. Ann 
Epidemiol. 2007;17(7):569-74. 
 
74. Hammond, R.A. Complex systems modeling for obesity research. Prev Chronic Dis. 2009;6(3):A97. 
 
75. Diez Roux, A.V. Complex systems thinking and current impasses in health disparities research. Am J 
Public Health. 2011;101(9):1627-34. 
187 
 
 
76. Ip, E.H, Rahmandad, H, Shoham, D.A, Hammond, R, Huang, T.K, Wang, Y, Mabry, P.L. 
Reconciling statistical and systems science approaches to public health. Health Educ Behav. 
2013;40(1):123-31. 
 
77. Herzog W. The problem with running injuries. J Sport Health Sci. 2016;6(1):171. 
 
78. Bittencourt, N.F.N, Meeuwisse, W.H, Mendonça, L.D, Nettel-Aguirre, A, Ocarino, J.M, Fonsesca, 
S.T. Complex systems approach for sports injuries: Moving from risk factor identification to injury 
pattern recognition-narrative review and new concept. Br J Sports Med. 2016;0:1-7. 
 
79. McGregor, A.H. Injury prevention, performance and return to sport: How can science help? Chin J 
Traumatol. 2017;20(2)63-66. 
 
80. Mooney, M, Charlton, P.C, Soltanzadeh, S, Drew, M.K. Who 'owns' the injury or illness? Who 
‘owns’ performance? Applying systems thinking to integrate health and performance in elite sport. Br J 
Sports Med. 2017;(in press):doi:10.1136/bjsports-2016-096649. 
 
81. Hulme, A, Nielsen, R.O, Verhagen, E.A, Timpka, T, Finch, C.F. Risk and protective factors for 
middle- and long-distance running-related injury: A systematic review. Sports Med. 2017;47(5)869-886. 
 
82. Bertelsen, M.L, Hulme, A, Petersen, J, Finch, C.F, Parner, E.T, Nielsen, R.O. A framework for the 
etiology of running-related injuries. Scand J Med Sci Sports. 2017;(in press):doi:10.1111/sms.12883 
 
188 
 
83. Hulme, A, Finch, C.F. The epistemic basis of distance running injury research: A historical 
perspective. J Sport Health Sci. 2016;5(2):172-5. 
 
84. Hulme, A, Finch, C.F. From monocausality to systems thinking: A complementary and alternative 
conceptual approach for better understanding the development and prevention of sports injury. Injury 
Epidemiology. 2015;2(1):1-12. 
 
85. Hulme, A, Salmon, P.M, Nielsen, R.O, Read, G.L.M, Finch, C.F. Closing Pandora’s Box: Adapting a 
systems ergonomics methodology for better understanding the ecological complexity underpinning the 
development and prevention of running-related injury. Theor Issues Ergonmics Sci. 2017;(in 
press):doi:10.1080/1463922X.2016.1274455. 
 
86. Meeuwisse, W.H. Athletic injury etiology: Distinguishing between interaction and confounding. Clin 
J Sport Med. 1994;4(3):171-5. 
 
87. Meeuwisse, W.H. Assessing causation in sport injury: A multifactorial model. Clin J Sport Med. 
1994;4(3):166-70. 
 
88. Gissane, C, White, J, Kerr, K, Jennings, D. An operational model to investigate contact sports 
injuries. Med Sci Sports Exerc. 2001;33(12):1999-2003. 
 
89. Bahr, R, Holme, I. Risk factors for sports injuries - a methodological approach. Br J Sports Med. 
2003;37(5):384-92. 
 
189 
 
90. Bahr, R, Krosshaug, T. Understanding injury mechanisms: A key component of preventing injuries in 
sport. Br J Sports Med. 2005;39(6):324-9. 
 
91. Krosshaug, T, Andersen, T.E, Olsen, E.O, Myklebust, G, Bahr, R. Research approaches to describe 
the mechanisms of injuries in sport: limitations and possibilities Br J Sports Med. 2005;39(6):330-9. 
 
92. McIntosh, A. Risk compensation, motivation, injuries, and biomechanics in competitive sport. Br J 
Sports Med. 2005;39(1):2-3. 
 
93. Meeuwisse, W.H, Tyreman, H, Hagel, B, Emery, C. A dynamic model of etiology in sport injury: The 
recursive nature of risk and causation. Clin J Sport Med. 2007;17(3):215-9. 
 
94. Gabbett, T.J. The development and application of an injury prediction model for noncontact, soft-
tissue injuries in elite collision sport athletes. Br J Sports Med. 2010;24(10):2593–603. 
 
95. Gabbett, T.J. The training-injury prevention paradox: should athletes be training smarter and harder? 
Br J Sports Med. 2016;50(5):273-80. 
 
96. Gabbett, T.J, Blanch, P, Whiteley, R. High training workloads alone do not cause sports injuries: how 
you get there is the real issue. Br J Sports Med. 2016;50(8):444-5. 
 
97. Windt, J, Gabbett, T.J. How do training and competition workloads relate to injury? The workload-
injury aetiology model. Br J Sports Med. 2016;51(5):428-35. 
 
190 
 
98. Wen, DY, Puffer, J.C, Schmalzried, T.P. Lower extremity alignment and risk of overuse injuries in 
runners. Med Sci Sports Exerc. 1997;29(10):1291-8. 
 
99. Taunton, J.E, Ryan, M.B, Clement, D.B, McKenzie, D.C, Lloyd-Smith, D.R, Zumbo, B.D. A 
retrospective case-control analysis of 2002 running injuries. Br J Sports Med. 2002;36(2):95-101. 
 
100. Taunton, J.E, Ryan, M.B, Clement, D.B, McKenzie, D.C, Lloyd-Smith, D.R, Zumbo, B.D. A 
prospective study of running injuries: The Vancouver Sun Run "In Training" clinics. Br J Sports Med. 
2003;37(3):239-44. 
 
101. Parker, D.T, Weitzenberg, T.W, Amey, A.L, Nied, R.J. Group training programs and self-reported 
injury risk in female marathoners. Clin J Sport Med. 2011;21(6):499-507. 
 
102. Rasmussen, C.H, Nielsen, R.O, Juul, M.S, Rasmussen, S. Weekly running volume and risk of 
running-related injuries among marathon runners. Int J Sports Phys Ther. 2013;8(2):111-20. 
 
103. Malisoux, L, Ramesh, J, Mann, R, Seil, R, Urhausen, A, Theisen, D. Can parallel use of different 
running shoes decrease running-related injury risk? Scand J Med Sci Sports. 2015;25(1)110-15. 
 
104. McKean, K.A, Manson, N.A, Stanish, W.D. Musculoskeletal injury in the Masters runners. Clin J 
Sport Med. 2006;16(2):149-54. 
 
105. Chang, W, Shih, Y, Chen, W. Running injuries and associated factors in participants of ING Taipei 
Marathon. Phys Ther Sport. 2012;13(3):170-4. 
191 
 
 
106. Malisoux, L, Nielsen, R.O, Urhausen, A, Theisen, D. A step towards understanding the mechanisms 
of running-related injuries. J Sci Med Sport. 2015;18(5):523-8. 
 
107. Windt, J, Zumbo, B.D, Sporer, B, MacDonald, K, Gabbett, T.J. Why do workload spikes cause 
injuries, and which athletes are at higher risk? Mediators and moderators in workload–injury 
investigations. Br J Sports Med. 2017;(in press):doi:10.1136/bjsports-2016-097255. 
 
108. Nielsen, RO, Bertelsen, M.L, Parner, E.T, Sørensen, H, Lind, M, Rasmussen, S. Running more than 
three kilometers during the first week of a running regimen may be associated with increased risk of 
injury in obese novice runners. J Orthop Sports Phys Ther. 2014;9(3):338-45. 
 
109. Møller, M, Nielsen, R.O, Attermann, J, Wedderkopp, N, Lind, M, Sørensen, H, Myklebust, G. 
Handball load and shoulder injury rate: a 31-week cohort study of 679 elite youth handball players. Br J 
Sports Med. 2017;51(4):231-7. 
 
110. Nielsen, R.O, Malisoux, L, Møller, M, Theisen, D, Prner, E.T. Shedding light on the etiology of 
sports injuries: A look behind the scenes of time-to-event analyses. J Orthop Sports Phys Ther. 
2016;46(4):300-11. 
 
111. Eime, R, Owen, N, Finch, C.F. Protective eyewear promotion: Applying principles of behaviour 
change in the design of a squash injury prevention programme. Sports Med. 2004;34(10):629-38. 
 
192 
 
112. Eime, R, Finch, C, Wolfe, R, Owen, N, McCarty C. The effectiveness of a squash eyewear 
promotion strategy. Br J Sports Med. 2005;39(9):681-5. 
 
113. Hanson, D, Hanson, J, Vardon, P, McFarlane, K, Lloyd, J, Muller, R, Durrheim, D. The injury 
iceberg: An ecological approach to planning sustainable community safety interventions. Health Promot J 
Austr. 2005;16(1):5-10. 
 
114. Allegrante, J.P, Hanson, D.W, Sleet, D.A, Marks, R. Ecological approaches to the prevention of 
unintentional injuries. Ital J Public Health. 2010;7(2):24-31. 
 
115. Leveson, N.G, Dulac, N, Marais, K, Carroll, J. Moving beyond normal accidents and high reliability 
organizations: A systems approach to safety in complex systems. Organ Stud. 2009;30(2-3):227-49. 
 
116. Jones, A.P, Homer, J.B, Murphy, D.L, Essien, J.D.K, Milstein, B, Seville, D.A. Understanding 
diabetes population dynamics through simulation modeling and experimentation. Am J Public Health. 
2006;96(3):488-94. 
 
117. Milstein, B, Jones, A, Homer, J.B, Murphey, D, Essien, J, Seville, D. Charting plausible futures for 
diabetes prevalence in the United States: A role for system dynamics simulation modelling. Prev Chronic 
Dis. 2007;4(3):A52. 
 
118. Homer, J, Milstein, B, Wile, K, Pratibhu, P, Orenstein, D.R. Modeling the local dynamics of 
cardiovascular health: risk factors, context, and capacity. Prev Chronic Dis. 2008;5(2):A63. 
 
193 
 
119. Hirsch, G, Homer, J, Evans, E, Zielinski, A. A system dynamics model for planning cardiovascular 
disease interventions. Am J Public Health. 2010;100(4):616-22. 
 
120. Luke, D.A, Stamatakis, K.A. Systems science methods in public health. Annu Rev Public Health. 
2012;33:357-76. 
 
121. Epstein, J.M. Modelling to contain pandemics. Nature. 2009;460(7256):460-687. 
 
122. Macal, C.M, North, M.J. Tutorial on agent-based modelling and simulation. J Simulat. 
2010;4(3):151-62. 
 
123. Bonabeau, E. Agent-based modeling: Methods and techniques for stimulating human systems. Proc 
Natl Acad Sci USA. 2002;99(3):7280-7. 
 
124. North, M.J, Macal, C.M, Aubin, J, Thimmapuram, P, Bragen, M, Hahn, J, Karr, J, Brigham, N, 
Lacy, M.E, Hampton, D. Multiscale agent-based consumer market modeling. Complexity. 2009;15(5):37-
47. 
 
125. Ferencik, R, Minyard, K. Systems thinking and injury prevention: an innovative model for informing 
state and local policies. West J Emerg Med. 2011;12(3):273-4. 
 
 
 
  
 
 
 
 
 
 
 
 
 
APPENDICES 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered distance as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation 
Theisen et al 
(2013) 
RCT 91.6 General Per 1.0km ↑ - - 
Buist et al (2008) RCT 75.0 General Standard vs. graded (10%) running 
program (20.8% IIP vs. 20.3% IIP) 
OR = 0.6; 95% CI: 0.6-1.3; p = 
0.90 
- 
    212min to injury vs. 167min to injury 
(45min diff.) 
- - 
Kelsey et al 
(2007) 
PC 91.6 SFX Mean dist. p/w past 12mo (per 10.0km ↑) 
(♀) 
HR = 1.08; 95% CI: 0.81-1.45 
(†) 
- 
Macera et al 
(1989) 
PC 91.6 General 0-15.8 (ref) 16.0-31.8km (♂) - - 
    0-15.8 (ref) 32.0-47.8km (♂) - - 
  
    0-15.8 (ref) 48.0-63.8km (♂) - - 
    0-15.8 (ref) >64.0km (♂) OR = 2.9; 95% CI: 1.1-7.5 (†) Higher dist. ↑ 
risk 
    0-15.8 (ref) 16.0-31.8km (♀) - - 
    0-15.8 (ref) 32.0-47.8km (♀) - - 
    0-15.8 (ref) 48.0-63.8km (♀) - - 
    0-15.8 (ref) >64.0km (♀) - - 
Nielsen et al 
(2014b) 
PC 91.6 Multiple varied 
injuries 
% change in wk dist. (<10% (ref) 10%-
30%) 
HR = 1.03; 95% CI: 0.37-2.90; 
p = 0.96 
- 
    % change in wk dist. (<10% (ref) >30%) HR = 1.59; 95% CI: 0.96-2.66; 
p = 0.07 
- 
Walter et al 
(1989) 
PC 91.6 General <16.0 (ref) 16.0-31.8km (♂) - - 
  
    <16.0 (ref) 32.0-46.4km (♂) - - 
    <16.0 (ref) 48.0-62.4km (♂) - - 
    <16.0 (ref) >64.0km (♂) RR = 2.22; 95% CI: 1.30-3.68 
(†) 
Higher dist. ↑ 
risk 
    <16.0 (ref) 16.0-31.8km (♀) - - 
    <16.0 (ref) 32.0-46.4km (♀) - - 
    <16.0 (ref) 48.0-62.4km (♀) - - 
    <16.0 (ref) >64.0km (♀) RR = 3.42; 95% CI: 1.42-7.85 
(†) 
Higher dist. ↑ 
risk 
    Longest run per wk >8km (y vs. n) (♂) RR = 2.49; 95% CI: 1.64-3.71 
(†) 
Long run >8km 
↑ risk  
    Longest run per wk >8km (y vs. n) (♀) RR = 1.78; 95% CI: 0.99-3.13) 
(†) 
- 
  
Hirschmüller et al 
(2012) 
PC 83.3 AT 56.8 vs. 54.3km - - 
Van Middelkoop 
et al (2008) 
PC 83.3 General Long dist. training (always) OR = 0.76: 95% CI: 0.54-1.07; 
p = 0.12 (†) 
- 
Wen et al (1997) PC 81.8 Hamstring -  OR = 1.11; p = 0.005 (†) Higher dist. ↑ 
risk 
Hespanhol Junior 
et al (2013) 
PC 75.0 General Per 1.0km ↑ OR = 1.00; 95% CI: 0.99-1.01; 
p = 0.920 
- 
Malisoux et al 
(2013) 
PC 75.0 General  Mean session distance (per 1.0km ↑) HR = 0.79; 95% CI: 0.73-0.87 
(†) 
Higher dist. ↓ 
risk 
Reinking et al 
(2007) 
PC 58.3 ERLP <64.0 (ref) ≥64.0km RR = 1.44; 95% CI: 0.79-2.62 - 
    ≥64.0 (ref) <64.0km RR = 0.69; 95% CI: 0.38-1.27 - 
Satterthwaite et al PC 58.3 Hamstring Per 10.0km ↑ OR = 1.07; 95% CI: 1.02-1.13; Higher dist. ↑ 
  
(1999) p <0.008 (†) risk 
   Knee Per 10.0km ↓ OR = 1.13; 95% CI: 1.04-1.23; 
p <0.003 (†) 
Lower dist. ↑ 
risk  
Hootman et al 
(2002) 
RC 83.3 General <32.0 vs. >32.0km - - 
Warren & Davis RC 41.6 Multiple varied 
injuries 
- - - 
Myburgh et al 
(1990) 
CC 50.0 SFX 53.0 vs. 45.0km - - 
Miller et al 
(2007) 
CC 40.0 ITBFS 38.1 vs. 19.0km p = 0.06 - 
Lloyd et al 
(1986) 
CS 2 
group 
72.7 General 10.1 vs. 8.7km (timeframe not reported) 
(♀) 
p <0.001 Inj. had a higher 
dist. 
Marti et al CS 2 72.7 General 26.3 vs. 22.0km P <0.001 - 
  
(1988b) group 
McKean et al 
(2006) 
CS 2 
group 
72.7 Multiple varied 
injuries 
- - - 
Rasmussen et al 
(2013) 
CS 2 
group 
72.7 General 30.0-60.0 (ref) 0.0-30.0km RR = 2.02; 95% CI: 1.26-3.24; 
p <0.01 (†) 
Lower dist. ↑ 
risk 
    30.0-60.0 (ref) >60.0km RR = 1.13; 95% CI: 0.45-2.79; 
p = 0.80 (†) 
- 
    Longest dist. 6wk prior to marathon 
(>30.0 (ref) 25.0-30.0km) 
RR = 1.18; 95% CI: 0.68-2.08; 
p = 0.55  
- 
    Longest dist. 6wk prior to marathon 
(>30.0 (ref) <25.0km) 
RR = 1.27; 95% CI: 0.71-2.26; 
p = 0.42  
- 
Gerlach et al 
(2005) 
CS 2 
group 
63.6 Multiple varied 
injuries 
- - - 
Jacobs & Berson CS 2 63.6 General >~48.3km (~67.0% inj. vs. 48.0%) p <0.001 Higher % of inj. 
  
(1986) group (histogram)  higher dist. 
Bennell et al 
(2004) 
CS 2 
group 
54.5 TSFX 54.2 vs. 48.8km (♀) p = 0.39 - 
Duffey et al 
(2000) 
CS 2 
group 
54.5 AKP 40.5 vs. 42.6km - - 
Haglund-
Åkerlind et al 
(1993) 
CS 2 
group 
54.5 AT 106.0 vs. 85.8km p <0.05 Inj. had a higher 
dist. 
Messier et al  
(1995) 
CS 2 
group 
54.5 ITBFS 50.3 vs. 42.5km p = 0.01 Inj. had a higher 
dist. 
Valliant (1981) CS 2 
group 
54.5 General 76.4 vs. 47.6km p <0.01 Inj. had a higher 
dist. 
Grimston et al 
(1991) 
CS 2 
group 
36.3 SFX 60.7 vs. 57.4km (♀) - - 
  
Marti & 
Rehmann (1987) 
CS 2 
group 
36.3 General Habitual dist. wk (values not reported)  SRC 0.57; p = .000 (†) Higher dist. ↑ 
risk  
Messier et al  
(1991) 
CS 2 
group 
36.3 PFPS 33.7 vs. 48.8km t = 2.82; p <0.008 Inj. had a higher 
dist. 
McCrory et al 
(1999) 
CS 2 
group 
27.2 AT 52.1 vs. 44.5km - - 
McQuade (1986) CS 2 
group 
27.2 General 32.1 vs. 24.1km t = 2.44, p <0.02 Inj. had a higher 
dist. 
Messier & Pittala 
(1988) 
CS 3 
group 
27.2 General Control = 48km; MTSS = 39km; ITBFS = 
46km; PF = 52km 
- - 
Knobloch et al 
(2008) 
CS 2 
group 
27.2 Back >65.0km (ref not reported) OR = 2.3; 95% CI: 1.13-4.65; 
p = 0.019  
Higher dist. ↑ 
risk  
Caselli & 
Longobardi 
CS 2 
group 
18.1 General -  r2 = .92 (histogram)   Inj. had a lower 
dist.  
  
(1997) 
AT, Achilles tendinopathy; AKP, anterior knee pain; CI, confidence interval; CC, case-control; CS 2 group, cross-sectional two group comparison; CS 3 
group, cross-sectional three group comparison; ERLP, exercise-related leg pain; HR, hazard ratio; IIP, injury incidence proportion; ITBFS, iliotibial band 
friction syndrome; MTSS, medial tibial stress syndrome; OR, odds ratio; PC, prospective cohort; PFPS, patellofemoral pain syndrome; RC, retrospective 
cohort; RCT, randomised controlled trial; RR, relative risk; SFX, stress fracture; TSFX, tibial stress fracture; (-) not reported/statistically significant; (†), 
adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered duration as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-value Interpretation 
Theisen et al 
(2013) 
RCT 91.6 General Per session (per 1.0min ↑) HR = 0.99; p = 0.34 - 
    Per wk (per 1.0hr ↑) - - 
Hirschmüller et al 
(2012) 
PC 83.3 AT Per wk (3.6 vs. 3.4hr) - - 
Hespanhol Junior 
et al (2013) 
PC 75.0 General Per session (per 10.0min ↑) OR = 1.01; 95% CI: 1.00-1.02; p = 
0.008 (†) 
Higher duration 
↑ risk  
Malisoux et al 
(2013) 
PC 75.0 General Per session (per 1.0min ↑) - - 
Hootman et al 
(2002) 
RC 83.3 General Weight baring PA/wk (hr); values 
not reported (♂) 
OR = 1.11; 95% CI: 1.06-1.17; p = 
0.0001 (†) 
Higher duration 
↑ risk 
  
    Weight baring PA/wk (hr); values 
not reported (♀) 
- - 
Taunton et al 
(2002) 
RC 50.0 Multiple varied 
injuries 
Per wk (5.0 (ref) <5.0hr) (♂) - - 
   PFPS Per wk (5.0 (ref) <5.0hr) (♀) OR = 0.54; 95% CI: 0.34-0.84 (†) Lower duration 
↓ risk  
   Multiple varied 
injuries 
Per wk (5.0 (ref) <5.0hr) (♀) - - 
Myburgh et al 
(1990) 
CC 50.0 SFX Per wk (6.0 vs. 5.0hr) - - 
Chang et al (2012) CS 2 
group  
63.6 Hip Per session (30-60 vs. <30min) OR = 1.10; 95% CI: 0.38-3.16; p = 
0.860 (†) 
- 
    Per session (>60 vs. <30min) OR = 0.34; 95% CI: 0.13-0.86; p = 
0.020 (†) 
Higher duration 
↓ risk 
  
   Foot Per session (30-60 vs. <30min) OR = 1.43; 95% CI: 0.73-2.83; p = 
0.300 (†) 
- 
    Per session (>60 vs. <30min) OR = 3.04; 95% CI: 1.47-6.28; p = 
0.003 (†) 
Higher duration 
↑ risk  
AT, Achilles tendinopathy; CC, case-control; CI, confidence interval; CS 2 group, cross-sectional two group comparison; HR, hazard ratio; OR, odds ratio; 
PC, prospective cohort; PFPS, patellofemoral pain syndrome; RC, retrospective cohort; RCT, randomised controlled trial; RR, relative risk; SFX, stress 
fracture; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher 
numbers indicate superior quality) 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered frequency as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-value Interpretation 
Theisen et al 
(2013) 
RCT  91.6 General Per 1.0d/wk ↑ - - 
Macera et al 
(1989) 
PC 91.6 General 6.0 or 7.0d/wk (comparator not 
reported) (♂) 
OR = 1.4; 95% CI: 0.8-2.5 (†) - 
    6.0 or 7.0d/wk (comparator not 
reported) (♀) 
OR = 0.5; 95% CI: 0.1-2.1 (†) - 
Walter et al 
(1989) 
PC 91.6 General 0.0-2.0d (ref) 3.0d/wk (♂) RR = 2.93; 95% CI: 1.27-6.20 (†) Higher freq. ↑ 
risk 
    0.0-2.0 (ref) 4.0d/wk (♂) RR = 2.49; 95% CI: 1.08-5.26 (†) Higher freq. ↑ 
risk 
    0.0-2.0 (ref) 5.0d/wk (♂) RR = 3.13; 95% CI: 1.38-6.46 (†) Higher freq. ↑ 
  
risk 
    0.0-2.0 (ref) 6.0d/wk (♂) RR = 3.66: 95% CI: 1.62-7.50 (†) Higher freq. ↑ 
risk 
    0.0-2.0 (ref) 7.0d/wk (♂) RR = 5.92; 95% CI: 2.49-12.75 
(†) 
Higher freq. ↑ 
risk 
    0.0-2.0d (ref) 3.0d/wk (♀) - - 
    0.0-2.0 (ref) 4.0d/wk (♀) - - 
    0.0-2.0 (ref) 5.0d/wk (♀) - - 
    0.0-2.0 (ref) 6.0d/wk (♀) - - 
    0.0-2.0 (ref) 7.0d/wk (♀) RR = 5.50; 95% CI: 1.44-17.39 
(†) 
Higher freq. ↑ 
risk 
Hespanhol 
Junior et al 
PC 75.0 General Per 1.0d/wk ↑ OR = 1.01; 95% CI: 0.87-1.18; p 
= 0.856 
- 
  
(2013) 
Malisoux et al 
(2013) 
PC 75.0 General  Per 1.0d/wk ↑ - - 
Taunton et al 
(2003) 
PC 66.6 General overall 1.0d/wk (♀) OR = 3.65; 95% CI: 1.08-12.29 
(†) 
Lower freq.↑ 
risk 
    1.0d/wk (♂) - - 
    2.0d/wk - - 
    3.0d/wk - - 
    4.0d/wk - - 
    5.0d/wk  - - 
Satterthwaite et 
al (1999) 
PC 58.3 Front thigh Per 1d/wk ↑ OR = 1.19; 95% CI: 1.05-1.34; p 
<0.008 (†) 
Higher freq. ↑ 
risk 
Hootman et al RC 83.3 General <6 vs. >6d/wk - - 
  
(2002) 
Myburgh et al 
(1990) 
CC 50.0 SFX - - - 
Lloyd et al 
(1986) 
CS 2 
group 
72.7 General 5.1 vs. 4.8d/wk (♀) - - 
McKean et al 
(2006) 
CS 2 
group 
72.7 Multiple varied 
injuries 
1.0-3.0 (ref) 4.0-5.0d/wk (<40yr) OR = 1.32; 95% CI: 1.07-1.62; p 
= 0.009 (†) 
Higher freq. ↑ 
risk 
    1.0-3.0 (ref) >6d/wk (<40yr) OR = 1.77; 95% CI: 1.25-2.53; p 
= 0.002 (†) 
Higher freq. ↑ 
risk 
    1.0-3.0 (ref) 4.0-5.0d/wk (>40yr) - - 
    1.0-3.0 (ref) >6.0d/wk (>40yr) OR = 2.24; 95% CI: 1.46-3.45; p 
<0.001 (†) 
Higher freq. ↑ 
risk 
Jacobs & 
Berson (1986) 
CS 2 
group 
63.6 General >5d/wk (~50% vs. ~32%) (histogram) p <0.001 Higher % inj.  
  
Haglund-
Åkerlind et al 
(1993) 
CS 2 
group 
54.5 AT 7.9 vs. 7.0d/wk - - 
Lopes et al 
(2011) 
CS 2 
group  
54.5 General 3.0d/wk (IQR = 3.0-4.0d/wk vs. 3.0d/wk 
(IQR = 3.0-4.0d/wk) 
p = 0.793 - 
Knobloch et al 
(2008) 
CS 2 
group 
27.2 MTSS >4.0d/wk (comparator not reported) OR = 2.3; 95% CI: 1.09-4.96; p = 
0.025 
>4d/wk ↑ risk 
AT, Achilles tendinopathy; CI, confidence interval; CC, case-control; CS 2 group, cross-sectional two group comparison; IQR, interquartile range; MTSS, 
medial tibial stress syndrome; OR, odds ratio; PC, prospective cohort; RC, retrospective cohort; RCT, randomised controlled trial; RR, relative risk; SFX, 
stress fracture; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher 
numbers indicate superior quality) 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered pace and intervals as exposures 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation 
Theisen et al 
(2013)  
RCT 91.6 General Per 1.0kph ↑ HR = 0.91; p = 0.29 - 
Walter et al 
(1989) 
PC 91.6 General Usual training pace (values not 
reported) 
- - 
Van Middelkoop 
et al (2008) 
PC 83.3 General Intervals (always) OR = 0.76: 95% CI: 0.54-
1.07; p = 0.12 (†) 
- 
Wen et al (1998) PC 83.3 Shin % time intervals (inj./weeks 
accumulated) 
RIIR = 14.89; 95% CI: 0.50-
147.32; p <0.05 (†) 
Interval ↑ risk 
Hespanhol Junior 
et al (2013) 
PC 75.0 General Speed training (per 1.0d/wk ↑) OR = 1.46; 95% CI: 1.02-
2.10; p = 0.039 (†) 
Higher freq. ↑ risk 
    Interval training (per 1.0d/wk ↑) OR = 0.61; 95% CI: 0.43- Higher freq. ↓ risk 
  
0.88; p = 0.008 (†) 
Malisoux et al 
(2013) 
PC 75.0 General Per 1.0kph ↑ HR = 0.95; p = 0.48 - 
Hootman et al 
(2002) 
RC 83.3 General Prior 12.0mo (<9:20 (ref) 
>9:20min/km) (♂) 
OR = 0.51; 95% CI: 0.35-
0.74; p = <0.001 (†) 
Lower pace ↓ risk  
    Prior 12.0mo (<9:20 (ref) 
>9:20min/km) (♀) 
- - 
Myburgh et al 
(1990) 
CC 50.0 SFX “Intensity” (values not reported) - - 
Miller et al 
(2007) 
CC 40.0 ITBFS 5km time (23.4 vs. 22.9min) p = .84 - 
Wen et al (1997) CS 2 group 81.8 Shin % time intervals (0 vs. 1-10 vs. 
>20) 
OR = 55.91; p = 0.04 (†) Inj. Performed more 
interval-based 
training 
  
Lloyd et al 
(1986) 
CS 2 group 72.7 General 5:12 vs. 4:48min/km - - 
Marti et al 
(1988b) 
CS 2 group 72.7 General 16km time (1:11:01 vs. 1:11:32) p <0.05 Inj. had a higher pace 
Jacobs & Berson 
(1986) 
CS 2 group 63.6 General <4:54min/km (~55% vs. ~45%) 
(histogram) 
p <0.05 Higher % of inj. had a 
higher pace 
    Interval sessions (values not 
reported) 
- - 
    Sprint training (values not reported) - - 
Duffey et al 
(2000) 
CS 2 group 54.5 AKP 4:58 vs. 4:58min/km - - 
Haglund-
Åkerlind et al 
(1993) 
CS 2 group 54.5 AT Intervals (12.3 vs. 10.2km) - - 
  
Messier et al  
(1991) 
CS 2 group 54.5 PFPS 5:05 vs. 4:38min/km - - 
Messier et al 
(1995) 
CS 2 group  54.5 ITBFS 4:54 vs. 5:05min/km p = 0.05 Inj. had a higher pace 
McQuade (1986) CS 2 group 27.2 General 4:48 vs. 4:48min/km - - 
Messier & Pittala 
(1988) 
CS 3 group 27.2 MTSS, 
ITBFS, PF 
Control = 4:27; MTSS = 4:28; 
ITBFS = 4:06; PF = 4:21min/km 
- - 
McCrory et al 
(1999) 
CS 2 group 27.2 AT 4:38 vs. 4:52min/km p <0.05 Inj. had a higher pace 
AT, Achilles tendinopathy; CI, confidence interval; CC, case-control; CS 2 group, cross-sectional two group comparison; CS 3 group, cross-sectional three 
group comparison; ITBFS, iliotibial band friction syndrome; MTSS, medial tibial stress syndrome; OR, odds ratio; PC, prospective cohort; PF, plantar 
fasciitis; RC, retrospective cohort; RCT, randomised controlled trial; RR, relative risk; SFX, stress fracture; (-) not reported/statistically significant; (†), 
adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
  
Extracted information on running-related injury studies that had considered weight as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. 
first) 
Estimate, 95% CI, and p-value Interpretation 
Kelsey et al 
(2007) 
PC 91.6 SFX Per 1.0kg ↓ (♀) HR = 1.08; 95% CI: 0.99-1.16 (†) - 
Hirschmüller et al 
(2012) 
PC 83.3 AT 73.2 vs. 70.9kg - - 
Wen et al (1998) PC 83.3 Foot Inj./weeks accumulated 
(values not reported) 
RIIR = 0.94; 95% CI: 0.89-0.99; p 
<0.05 (†) 
Heavier ↓ risk 
Thijs et al (2011) PC 58.3 PFPS 70.1 vs. 68.3kg p = 0.50 - 
Van Ginckel et al 
(2009) 
PC  50.0 General  69.8 vs. 69.9kg p = 0.971 - 
Ghani Zadah 
Hesar et al (2009) 
PC 41.6 General 73.1 vs. 69.6kg OR = 1.35; p = 0.15 - 
  
Taunton et al 
(2002) 
PC 41.6 Multiple varied 
injuries 
60.0 (ref) <60.0kg (♂) - - 
   PF 60.0 (ref) <60kg (♀) OR = 0.38; 95% CI: 0.20-0.70 (†) Lighter ↓ risk 
   Multiple varied 
injuries 
60.0 (ref) <60kg (♀) - - 
Thijs et al (2008) PC 33.3 PFPS 69.3 vs. 69.3kg p = 0.98 - 
Myburgh et al 
(1990) 
CC 50.0 SFX 59.0 vs. 59.0kg - - 
Wen et al (1997) CS 2 group 81.8 Multiple varied 
injuries 
- - - 
Lloyd et al 
(1986) 
CS 2 group 72.7 General 55.9 vs. 56.4kg - - 
Marti (1988a) CS 2 group 72.7 General - - - 
  
Gerlach et al 
(2005) 
CS 2 group 63.6 Multiple varied 
injuries 
- - - 
Bennell et al 
(2004) 
CS 2 group 54.5 TSFX 63.6 vs. 60.4kg (♀) p = 0.25 - 
Duffey et al 
(2000) 
CS 2 group 54.5 AKP 69.5 vs. 70.2kg p = 0.05 Inj. were lighter 
Haglund-
Åkerlind et al 
(1993) 
CS 2 group 54.5 AT 69.7 vs. 68.0kg - - 
Messier et al 
(1995) 
CS 2 group  54.5 ITBFS 66.4 vs. 70.2kg - - 
Niemuth et al 
(2005) 
CS 2 group 54.5 Multiple varied 
injuries 
- - - 
Ribeiro et al CS 3 group 54.5 PF Current = 78.0; history = p = 0.24 - 
  
(2011a) 75.4kg; no = 71.9kg 
    Current = 57.8; history = 
62.0; no = 55.8kg 
p = 0.58 - 
Ribeiro et al 
(2011b) 
CS 3 group 54.5 PF Current = 69.6; history = 
72.3; no 66.8kg  
p = 0.58 - 
Valliant (1981) CS 2 group 54.5 General 71.1 vs. 58.1kg p <0.001 Inj. were heavier 
Grimston et al 
(1991) 
CS 2 group 36.3 SFX 55.5 vs. 53.1kg - - 
McCrory et al 
(1999) 
CS 2 group 27.2 AT 71.4 vs. 70.03kg - - 
AKP, anterior knee pain; AT, Achilles tendinopathy; CC, case-control; CI, confidence interval; CS 2 group, cross-sectional two group comparison; CS 3 
group, cross-sectional three group comparison; HR, hazard ratio; ITBFS, iliotibial band friction syndrome; OR, odds ratio; PC, prospective cohort; PF, planter 
fasciitis; PFPS, patellofemoral pain syndrome; RIIR, relative injury incidence rate; RR, relative risk; SFX, stress fracture; TSFX, tibial stress fracture; (-), not 
reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate 
superior quality) 
  
Extracted information on running-related injury studies that had considered body mass index as an exposure 
Study Design Quality 
(%) (*) 
Injury type Descriptor (comparator (inj. 
group first) 
Estimate, 95% CI, and p-value Interpretation  
Theisen et al 
(2013) 
RCT 91.6 General Per 1.0kg/m2 ↑ HR = 1.13; 95% CI: 1.03-1.23 (†) Higher BMI ↑ 
risk 
Macera et al 
(1989) 
PC 91.6 General 26th-74th (ref) <26th percentile 
(♂) 
OR = 1.2; 95% CI: 0.7-1.9 (†) - 
    26th-74th (ref) >74th percentile 
(♂) 
OR = 0.7; 95% CI: 0.5-1.2 (†) - 
    26th-74th (ref) <26th percentile 
(♀) 
OR = 2.0; 95% CI: 0.6-6.6 (†) - 
    26th-74th (ref) >74th percentile 
(♀) 
OR = 3.0; 95% CI: 0.5-18.8 (†) - 
Kelsey et al PC 91.6 SFX Per 1.0kg/m2 ↓ (♀) HR = 1.20; 95% CI: 0.90-1.61 (†) - 
  
(2007) 
Nielsen et al 
(2013b) 
PC 91.6 General  20.0-25.0 (ref) <20.0kg/m2 cIRD at 500km; 14.1%; 95% CI: -
31.6%-3.5%; p = 0.12  
- 
    20.0-25.0 (ref) 25.0-30.0kg/m2 cIRD at 500km; 2.7%; 95% CI: -
10.2%-15.7%; p = 0.68  
- 
    20.0-25.0 (ref) >30.0kg/m2 cIRD at 500km; 10.3%; 95% CI: -
3.7%-24.3%; p = 0.15  
- 
Nielsen et al 
(2014a) 
PC 91.6 General  <30.0 (ref) >30.0kg/m2 (≤3.0km 
1st week) 
-  - 
    <30.0 (ref) >30.0kg/m2 (3.0-
6.0km 1st week) 
cIRD = 14.3%; 95% CI: 3.3%-
25.3%; p = 0.01 
Higher BMI ↑ 
risk 
    <30.0 (ref) >30.0kg/m2 (>6.0km 
1st week) 
cIRD = 16.2%; 95% CI: 4.4%-
28.0%; p <0.01 
Higher BMI ↑ 
risk 
Bredeweg et PC 83.3 General 24.4 vs. 24.7kg/m2 (♂) - - 
  
al (2013) 
    24.3 vs. 23.3kg/m2 (♀) - - 
Buist et al 
(2010b) 
PC 83.3 General Per 1.0kg/m2 ↑ (♂) HR = 1.14; 95% CI: 1.05-1.25 (†) Higher BMI ↑ 
risk 
    Per 1.0kg/m2 ↑ (♀) - - 
Hirschmüller 
et al (2012) 
PC 83.3 AT 23.6 vs. 22.9kg/m2  - 
Wen et al 
(1997) 
PC 81.8 Heel High vs. low (tertiles not 
reported) 
OR = 1.24; p = 0.005 (†) Higher BMI ↑ 
risk 
Malisoux et al 
(2013) 
PC 75.0 General Per 1.0kg/m2 ↑  HR = 1.03; p = 0.510 (†) - 
Kluitenberg et 
al (2015) 
PC 75.0 General Per 1.0kg/m2 ↑ HR = 1.04; 95% CI: 1.00-1.07; p = 
0.034 (†) 
Higher BMI ↑ 
risk 
  
Bennett et al 
(2012) 
PC 66.6 In-season ERLP 18.5-24.9 (ref) <18.5kg/m2 OR = 2.4; 95% CI: 0.5-11.1 - 
   In-season medial ERLP 18.5-24.9 (ref) <18.5kg/m2 OR = 1.6; 95% CI: 0.3-9.0 - 
Buist et al 
(2010a) 
PC 66.6 General Per 1.0kg/m2 ↑ (♂) HR = 1.02; 95% CI: 0.94-1.11; p = 
0.58 (†) 
- 
    Per 1.0kg/m2 ↑ (♀) HR = 1.06; 95% CI: 1.01-1.13; p = 
0.028 (†) 
Higher BMI ↑ 
risk 
Taunton et al 
(2003) 
PC 66.6 General <21.0kg/m2  - - 
    21.0-24.0kg/m2 - - 
    24.0-26.0kg/m2 - - 
    >26.0kg/m2 (♂) OR = 0.41; 95% CI: 0.21-0.79 (†) Higher BMI ↓ 
risk 
  
    <21.0kg/m2  - - 
    21.0-24.0kg/m2 - - 
    24.0-26.0kg/m2 - - 
    >26.0kg/m2 (♀) - - 
Thijs et al 
(2011) 
PC 58.3 PFPS 25.4 vs. 24.4kg/m2 p = 0.20 - 
Van Ginckel 
et al (2009) 
PC 50.0 AT 24.9 vs. 24.7kg/m2 p = 0.84 - 
Thijs et al 
(2008) 
PC 33.3 PFPS 24.9 vs. 25.1kg/m2 p = 0.80 - 
Hootman et al 
(2002) 
RC 83.3 General Prior 12.0mo (<25.0 (ref) 
>25.0kg/m2) 
- - 
Taunton et al RC  50.0 Multiple varied injuries 21.0 (ref) <21.0kg/m2 (♂) - - 
  
(2002) 
   TSFX 21.0 (ref) <21.0kg/m2 (♀) OR = 2.43; 95% CI: 0.99-5.94 (†) - 
   Spinal 21.0 (ref) <21.0kg/m2 (♀) OR = 4.98; 95% CI: 1.36-18.27 (†) Lower BMI ↑ 
risk 
   Multiple varied injuries 21.0 (ref) <21.0kg/m2 (♀) - - 
Parker et al 
(2011) 
CS 2 
group 
81.8 General training-related ≥25.0 (ref) <18.5kg/m2 (♀) OR = 1.71; 95% CI: 0.37-7.80; p = 
0.49 (†) 
- 
    ≥25.0 (ref) 18.5-24.9kg/m2 (♀) OR = 1.13; 95% CI: 0.61-2.07; p = 
0.71 (†) 
- 
    ≥25.0 (ref) <18.5kg/m2 (♀) OR = 2.30; 95% CI: 0.32-16.38; p = 
0.41 (†) 
- 
    ≥25.0 (ref) 18.5-24.9kg/m2 (♀) OR = 1.44; 95% CI: 0.59-3.52; p = 
0.42 (†) 
- 
  
Rasmussen et 
al (2013) 
CS 2 
group 
72.7 General >25.0 vs. <25.0kg/m2 RR = 0.88; 95% CI: 0.47-1.68; p = 
0.70 (†) 
- 
Gerlach et al 
(2005) 
CS 2 
group 
63.6 Multiple varied injuries - - - 
Bennell et al 
(2004) 
CS 2 
group 
54.5 TSFX 22.2 vs. 22.1kg/m2 (♀) p = 0.91 - 
Ribeiro et al 
(2011a) 
CS 3 
group 
54.5 PF Current = 25.5; history = 23.3; 
no = 23.5kg/m2 (♂) 
p = 0.24 - 
    Current = 23.4; history = 22.3; 
no = 21.7kg/m2 (♀) 
p = 0.30 - 
Ribeiro et al 
(2011b) 
CS 3 
group 
54.5 PF Current = 24.3; history = 23.0; 
no = 22.5kg/m2 
p = 0.30 - 
AT, Achilles tendinopathy; BMI, body mass index; CI, confidence interval; cIRD, cumulative injury risk difference; CS 2 group, cross-sectional two group 
comparison; CS 3 group, cross-sectional three group comparison; ERLP, exercise-related leg pain; HR, hazard ratio; OR, odds ratio; PC, prospective cohort; 
PFPS, patellofemoral pain syndrome; RC, retrospective cohort; RCT, randomised controlled trial; RR, relative risk; SFX, stress fracture; TSFX, tibial stress 
  
fracture; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher 
numbers indicate superior quality) 
 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered diet and hormonal exposures  
Study Design Quality 
(%) (*) 
Injury 
type 
Exposure categories (inj. first) Estimate, 95% CI, and 
p-value 
Interpretation 
Cobb et al (2007) RCT 75.0 SFX OC use (y vs. n) (♀) HR = 0.57; 95% CI: 
0.18-1.83 (†) 
- 
    OC use ≥1 month continued use (y vs. 
n) (♀) 
HR = 0.23; 95% CI: 
0.06-0.86 (‡) (†)  
OC use ↓ risk 
    OC use ≥3 months continued use (y 
vs. n) (♀) 
HR = 0.42; 95% CI: 
0.11-1.57 (‡) (†) 
- 
Kelsey et al (2007) PC 91.6 SFX Daily dietary calcium intake (per 
100mg ↓) (♀) 
HR = 1.11; 95% CI: 
0.98-1.25 (†) 
- 
    Never used OCs (♀) HR = 2.22; 95% CI: 
0.65-7.69 (†) 
- 
    Total eating disorder inventory score HR = 1.03; 95% CI: - 
  
(per 5 units) (♀) 0.86, 1.24 (†) 
    Menarche (per 1.0yr ↓) (♀) HR = 1.92; 95% CI: 
1.15-3.23 (†) 
Younger age at menarche ↑ risk  
    % body fat (per 5.0% ↓) (♀) HR = 1.16; 95% CI: 
0.71-1.89 (†) 
- 
    History of menstrual irregularity 
(<9p/yr) (♀) 
HR = 1.90; 95% CI: 
0.66-5.51 (†) 
- 
    Menstrual irregularity in past year (< 
9p/yr) (♀) 
HR = 1.05; 95% CI: 
0.38-2.89 (†) 
- 
    History of menstrual irregularity (y vs. 
n) 
HR = 3.41; 95% CI: 
0.69-16.91 (†) 
- 
Satterthwaite et al 
(1999) 
PC 58.3 Thigh Social drinker (y vs. n) OR = 1.38; 95% CI: 
1.01-1.88; p <0.04 (†) 
↑ risk if consumes alcohol 
socially 
   Knee Medication use (y vs. n) OR = 1.56; 95% CI: ↑ risk if reported using 
  
1.02-2.32 (†) medication 
Myburgh et al 
(1990) 
CC 50.0 SFX OC use (y vs. n) (♀) p <0.05 Higher % of inj. never used OCs 
    Calcium (697 vs. 832mg) p = 0.02 Higher calcium consumed by 
non-inj. 
    Dairy product intake (9.7 vs. 12.9 
portions p/w) 
p <0.05 Higher # of dairy products 
consumed by non-inj. 
    Energy intake (7.0 vs. 8.0mj/d) - - 
    Protein (63 vs. 71gm/d) - - 
    Fibre (22 vs. 20gm/d) - - 
    Alcohol (15 vs. 14gm/d) - - 
    Caffeine (326 vs. 297mg/d) - - 
    Vitamin D (1.6 vs. 1.7mcg/d) - - 
  
    Phosphorous (1166 vs. 1186mg/d) - - 
    Current menstrual status (irregular vs. 
normal) (♀) 
p <0.005 Higher % of inj. had irregular 
menstruation 
    History of menstrual irregularity & 
familial osteoporotic fractures (y vs. n) 
(♀) 
- - 
    Yrs of irregular menstruation (4.5 vs. 
5.0yrs) (♀) 
- - 
    Menarche (13.9 vs. 14.0yr) (♀) - - 
Lloyd et al (1986) CS 2 
group 
72.7 General  OC use (y vs. n) (♀) p <0.001 Higher % of inj. never used OCs 
    OC use (y vs. n) (♀) p <0.0001 (†) OC use ↓ risk 
    Menstrual history (regular vs. irregular 
or absent) (♀) 
p <0.025 Higher % of inj. had irregular 
menses 
  
    Menstrual history (regular vs. irregular 
or absent) (♀) 
p <0.029 (†) Irregular or absent menstruation 
↑ risk 
    Menarche (12.90 vs. 12.86yr) (♀) - - 
   SFX OC use prior 24mo (never used inj. = 
29% vs. used inj. = 12%) (♀) 
p = 0.04 Higher % of inj. never used OCs 
Gerlach et al (2005) CS 2 
group 
63.6 General % body fat (values not reported) - - 
Henriksson et al 
(2000) 
CS 3 
group 
63.6 General Menstrual status (irregular = 34.1d 
interruption vs. regular = 9d 
interruption) (♀) 
p <0.05 Higher # interrupted days of 
running in irregular group 
Barrow & Saha 
(1988) 
CS 3 
group 
54.5 SFX Menses (regular = 29.0% vs. irregular 
= 39.0% vs. abnormal = 49.0%) (♀) 
p <0.05 Higher % of irregular and 
abnormal menstruation in inj. 
group  
Bennell et al (2004) CS 2 54.5 TSFX Menarche (13.8 vs. 14.3yr) (♀) p = 0.35 - 
  
group 
    Number of menses prior 12mo (10.2 
vs. 10.3) (♀) 
p = 0.65 - 
    Menstrual pattern (amen. = 1.1 vs. 0.3; 
oligo. = 1.1 vs. 1.1; eumen. = 13.4 vs. 
14.9yr) (♀) 
p = 0.47, p = 0.25, p = 
0.58 
- 
    Menstrual index (mean annual menses 
since menarche; 8.7 vs. 9.7) (♀) 
p = 0.23 - 
    Previous OC use (11 vs. 17) (♀) p = 0.46 - 
    Duration of OC use (6.2 vs. 6.4yr) (♀) p = 0.95 - 
CI, confidence interval; CC, case-control; CS 2 group, cross-sectional two group comparison; HR, hazard ratio; OR, odds ratio; PC, prospective cohort; RCT, 
randomised controlled trial; RR, relative risk; SFX, stress fracture; TSFX, tibial stress fracture; (-) not reported/statistically significant; (†), adjusted measure 
of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
  
Extracted information on running-related injury studies that had considered footwear, insoles, and orthotics as exposures 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and 
p-value 
Interpretation 
Theisen et al 
(2013) 
RCT  91.6 General Shoe system (hard sole (ref) soft sole) HR = 0.92; 95% CI: 0.57-
1.48; p = 0.731 (†) 
- 
Ryan et al (2014) RCT 66.6 General IIR per 1000hr (neutral = 3.56 (ref) part 
minimal = 15.83) (‡) 
RR = 3.1%; 95% CI: 
1.12% – 8.57% 
Part minimal ↑ risk 
    IIR per 1000hr (neutral = 3.56 (ref) full 
minimal = 7.17) (‡) 
RR = 1.6%; 95% CI: 
0.52%–4.96% 
- 
    Foot and ankle disability index (neutral 
vs. part/full minimal) 
- - 
Ryan et al (2010) RCT 50.0 General (VAS 
rest) 
Neutral foot (motion control = 5.1 vs. 
stability = 1.5 vs. neutral = 0.8) (♀) 
p <0.001 Higher pain in 
motion control 
   General (VAS Neutral foot (motion control = 10.7 vs. p <0.001 Higher pain in 
  
daily living) stability = 2.5 vs. neutral = 4.3) (♀) motion control 
   General (VAS 
run) 
Neutral foot (motion control = 15.3 vs. 
stability = 7.3 vs. neutral = 12.5) (♀) 
p <0.001 Higher pain in 
motion control 
   General (VAS 
rest) 
Pronated foot (motion control = 11.1 vs. 
stability = 2.9 vs. neutral = 4.1) (♀) 
p <0.001 Higher pain in 
motion control 
   General (VAS 
daily living) 
Pronated foot (motion control = 12.6 vs. 
stability = 5.7 vs. neutral = 2.9) (♀) 
p <0.001 Higher pain in 
motion control 
   General (VAS 
run) 
Pronated foot (motion control = 19.0 vs. 
stability = 11.4 vs. neutral = 5.6) (♀) 
p <0.001 Higher pain in 
motion control 
   General (VAS 
rest) 
Highly pronated (motion control vs. 
stability vs. neutral) (♀) 
- - 
   General (VAS 
daily living) 
Highly pronated (motion control vs. 
stability vs. neutral) (♀) 
- - 
   General (VAS Highly pronated (motion control vs. - - 
  
run) stability vs. neutral) (♀) 
Malisoux et al 
(2013) 
PC 75.0 General Footwear rotation (n (ref) y) HR = 0.61; 95% CI: 0.39-
0.97 (†) 
Shoe rotation ↓ risk  
Kluitenberg et al 
(2015) 
PC 75.0 General Shoe condition (used (ref) new) HR = 1.22; 95% CI: 0.79-
1.89; p = 0.371 (†) 
- 
    Shoe condition (used (ref) other) HR = 1.84; 95% CI: 0.96-
3.52; p = 0.064 (†) 
- 
    Shoe age (<3 (ref) 3.0-12.0mo) HR = 1.24; 95% CI: 0.80-
1.90; p = 0.337 (†) 
- 
    Shoe age (<3.0 (ref) >12.0mo) HR = 1.03; 95% CI: 0.64-
1.67; p = 0.901 (†) 
- 
Taunton et al 
(2003) 
PC 66.6 General overall 
(**) 
Shoe age (1.0-3.0mo) (♂) - - 
    Shoe age (4.0–6.0mo)  (♂) OR = 0.36; 95% CI: 0.15- ↓ risk 
  
0.83 (†) 
    Shoe age (7.0-12.0mo)  (♂) - - 
    Shoe age (1.0-2.0yr)  (♂) - - 
    Shoe age (1.0-3.0mo) (♀) - - 
    Shoe age (4.0–6.0mo) (♀) OR = 1.74; 95% CI: 1.01-
2.98 (†) 
↓ risk 
    Shoe age (7.0-12.0mo) (♀) - - 
    Shoe age (1.0-2.0yr) (♀) - - 
   General new 
(**) 
Shoe age (1.0-3.0mo) (♀) RR = 0.61; 95% CI: 0.38-
0.99 (†) 
 
Myburgh et al 
(1990)  
CC 50.0 SFX Footwear age - - 
Wen et al (1997) CS 2 81.8 General Footwear use/duration (tertiles not OR = 0.93; p = 0.042 (†) Higher duration ↓ 
  
group reported) risk 
    Insole use (y vs. n) OR = 1.98; p = 0.048 (†) Insole use ↑ risk 
   Foot Insole use (y vs. n) OR = 6.85; p = 0.000 (†) Insole use ↑ risk 
   General Footwear rotation (tertiles not reported) - - 
McKean et al 
(2006) 
CS 2 
group 
72.7 Multiple varied 
injuries 
Orthotic use; <40yr (n (ref) y) OR = 1.91; 95% CI: 1.47-
2.49; p = 0.001 (†) 
Orthotic use ↑ risk  
    Orthotic use; >40yr (n (ref) y) OR = 1.83; 95% CI: 1.33-
2.53; p <0.001 (†) 
Orthotic use ↑ risk 
Marti (1988a) CS 2 
group 
72.7 General Footwear type (values not reported) (♀) - - 
Marti et al 
(1988b) 
CS 2 
group 
72.7 General Orthotic use (13.8% vs. 7.1%) p <0.001 Higher % inj. used 
orthotics 
    Footwear brand choice - - 
  
Chang et al 
(2012) 
CS 2 
group 
63.6 Knee Knee orthotics (y vs. n) OR = 2.01; 95% CI: 1.31-
3.11; p = 0.002 (†) 
Orthotic use ↑ risk 
    Soft insoles (y vs. n) OR = 0.70; 95% CI: 0.47-
0.92; p = 0.012 (†) 
Soft insole use ↓ risk 
   Hip Medial arch support (y vs. n) OR = 0.31; 95% CI: 0.11-
0.86; p = 0.025 (†) 
Medial arch support 
use ↓ risk 
   Ankle Ankle brace (y vs. n) OR = 3.49; 95% CI: 1.41-
8.63; p = 0.007 (†) 
Ankle brace use ↑ 
risk 
Duffey et al 
(2000) 
CS 2 
group 
54.5 AKP Footwear use (~860km vs. ~1,115km) p = 0.003 Inj. accumulated a 
lower distance in 
running footwear 
Messier et al  
(1991) 
CS 2 
group 
54.5 PFPS Footwear brand choice - - 
Messier et al CS 2 54.5 ITBFS Footwear use (900.4km vs. 1176km) - - 
  
(1995) group 
AKP, anterior knee pain; CC, case-control; CI, confidence interval; CS 2 group, cross-sectional two group comparison; HR, hazard ratio; IIR, injury 
incidence rate; ITBFS, iliotibial band friction syndrome; OR, odds ratio; PC, prospective cohort; PFPS, patellofemoral pain syndrome; RCT, randomised 
controlled trial; RR, relative risk; SFX, stress fracture; VAS, visual analogue scale; (-) not reported/statistically significant; (†), adjusted measure of 
association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality); (‡) part minimal and full minimal represent 
progressively decreasing the thickness, heel height and stiffness of the midsole under the foot; (**) general overall and general new represent whether the 
participant was currently afflicted with injury or whether the injury was sustained during follow-up; part minimal footwear refers to a medium profile that 
situates between a barefoot style of running and a fully cushioned shoe 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered terrain and surface as exposures 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and 
p-value 
Interpretation 
Theisen et al 
(2013) 
RCT 91.6 General % of total sessions (hard surface) HR = 1.00; p = 0.66 - 
Kelsey et al 
(2007) 
PC 91.6 SFX % distance on pavement/concrete 
(per 5.0% ↓) 
HR = 1.05; 95% CI: 
0.94-1.18 (†) 
- 
Macera (1989) PC 91.6 General % time spent on concrete (1/3rd 
(ref) 2/3rd) (♀) 
OR = 5.6; 95% CI: 1.1-
29.3 (†) 
Non-compliant surface ↑ risk 
    % time spent on concrete (1/3rd 
(ref) 2/3rd) (♂) 
OR = 1.4; 95% CI: 0.8-
2.5 (†) 
- 
Walter et al 
(1989) 
PC 91.6 General Terrain and surface (values not 
reported) 
- - 
Hespanhol PC 75.0 General Surface; dirt, grass and gravel (ref OR = 0.89; 95% CI: - 
  
Junior et al 
(2013) 
not reported) 0.71-1.11; p = 0.287 
    Surface; asphalt and concrete (ref 
not reported) 
OR = 1.06; 95% CI: 
0.86-1.31; p = 0.588 (†) 
- 
    Surface; sand and synthetic (ref not 
reported) 
OR = 0.25; 95% CI: 
0.05-1.25; p = 0.092 (†) 
- 
    Surface; treadmill (ref not reported) OR = 1.03; 95% CI: 
0.87-1.21; p = 0.745  
- 
    Terrain; flat (ref not reported) OR = 0.97; 95% CI: 
0.81-1.17; p = 0.773 
- 
    Terrain; uphill (ref not reported) OR = 0.53; 95% CI: 
0.26-1.08; p = 0.081 
- 
    Terrain; uphill (ref not reported) OR = 0.65; 95% CI: 
0.38-1.13; p = 0.126 (†) 
- 
  
    Terrain; downhill (ref not reported) OR = 0.09; 95% CI: 
0.004-2.08; p = 0.133 
- 
    Terrain; downhill (ref not reported) OR = 0.12; 95% CI: 
0.01-1.75; p = 0.122 (†) 
- 
Malisoux et al 
(2013) 
PC 75.0 General % of total sessions (hard surface) HR = 0.99; p = 0.48 - 
Taunton et al 
(2003) 
PC 66.6 General % of time on road, trail, grass, 
treadmill (values not reported) 
- - 
Myburgh et al 
(1990) 
CC 50.0 SFX Surface type (values not reported) - - 
Wen et al (1997) CS 2 
group 
81.8 Thigh % time concrete (tertiles not 
reported) 
OR = 0.05; p = 0.02 (†) Lowest time on non-
compliant surfaces ↓ risk 
   Back % time concrete (tertiles not 
reported) 
OR = 0.19; p = 0.03 (†) Lowest time on non-
compliant surfaces ↓ risk 
  
Marti (1988a) CS 2 
group 
72.7 General “Usual training terrain” (values not 
reported) 
- - 
Jacobs & Berson 
(1986) 
CS 2 
group 
63.6 General Surface type (values not reported) - - 
Duffey et al 
(2000) 
CS 2 
group 
54.5 AKP % time on different surfaces (values 
not reported) 
- - 
Haglund-
Åkerlind et al 
(1993) 
CS 2 
group 
54.5 AT Hills (0.8km vs. 0.7km) - - 
Messier et al  
(1991) 
CS 2 
group 
54.5 PFPS % time on different surfaces (values 
not reported) 
- - 
Messier et al 
(1995) 
CS 2 
group  
54.5 ITBFS % time synthetic track (5.4 vs. 1.4) p = 0.007 Inj. had a higher % training 
time on track 
    % time asphalt (75.9 vs. 74.5) - - 
  
    % time dirt (7.2 vs. 9.8) - - 
Knobloch et al 
(2008) 
CS 2 
group 
27.2 AT Asphalt (ref not reported) OR = 0.47; 95% CI: 
0.25-0.89; p = 0.019 
Non-compliant surface ↓ risk 
    Sand (ref not reported) OR = 10; 95% CI: 1.12-
92.8; p = 0.011 
Compliant surface ↑ risk 
McCrory et al 
(1999) 
CS 2 
group 
27.2 AT % time on different surfaces (values 
not reported) 
- - 
Messier & 
Pittala (1988) 
CS 3 
group 
27.2 MTSS, 
ITBFS, PF 
Crowned roads, trails and/or hills 
(% reported in histogram) 
- - 
Fonsenca et al 
(2015) 
CS 2 
group 
18.1 General Treadmill vs. no treadmill (values 
not reported) 
p = 0.04 Treadmill ↓ inj. prevalence 
AKP, anterior knee pain; AT, Achilles tendinopathy; CI, confidence interval; CS 2 group, cross-sectional two group comparison; CS 3 group, cross-sectional 
three group comparison; ERLP, HR, hazard ratio; ITBFS, iliotibial band friction syndrome; MTSS, medial tibial stress syndrome; OR, odds ratio; PC, 
prospective cohort; PFPS, patellofemoral pain syndrome; PF, plantar fasciitis; RCT, randomised controlled trial; RR, relative risk; SFX, stress fracture; (-) not 
  
reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate 
superior quality) 
 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered stretching, warm-up, and cool-down as exposures 
Study Design Quality 
(%) (*) 
Injury 
type 
Exposure categories (inj. 
first) 
Estimate, 95% CI, and p-value Interpretation 
Van Mechelen et al 
(1993) 
RCT 41.6 General  Stretch, warm-up & cool-
down program (ctrl vs. int.) 
IIR = 4.9 vs. 5.5 per 1000h; 95% CI: 
3.1-7.4 vs. 95% CI: 3.6-8.0 
- 
Walter et al (1989) PC 91.6 General  Stretch (always (ref) usually) 
(♂) 
- - 
    Stretch (always (ref) 
sometimes) (♂) 
RR = 1.56; 95% CI: 1.10-2.21 (†) ↑ risk if reported 
stretching sometimes 
    Stretch (always (ref) never) 
(♂) 
- - 
    Stretch (always (ref) usually) 
(♀) 
- - 
    Stretch (always (ref) - - 
  
sometimes) (♀) 
    Stretch (always (ref) never) 
(♀) 
- - 
    Warm up practices (values 
not reported) 
- - 
Van Middelkoop et 
al (2008) 
PC 83.3 General Warm-up (always) OR = 0.79; 95% CI: 0.55-1.12; p = 
0.18 (†) 
- 
Van Middelkoop et 
al (2007) 
PC 75.0 General Cool-down (never (ref) 
always) 
OR = 0.51; 95% CI: 0.21-1.26; p = 
0.14 (†) 
- 
Hootman et al 
(2002) 
RC 83.3 General Stretch 2d/wk (y vs. n) - - 
Jacobs & Berson 
(1986) 
CS 2 
group 
63.6 General  Stretch prior to run (~89% 
vs. ~79%) 
p <0.025  Higher % inj. stretched 
Duffey et al (2000) CS 2 54.5 AKP Stretch (7.0 vs. 5.0min) p = 0.042 On average, inj. stretched 
  
group longer 
Valliant (1981) CS 2 
group 
54.5 General  Prior warm-up routine - - 
McQuade (1986) CS 2 
group 
27.2 General  Stretch (n (ref) y) RR = 2.0: 95% CI: 1.07-3.8, p = 0.03 Inj. stretch longer (higher 
% of non-stretchers) 
AKP, anterior knee pain; CS 2 group, cross-sectional two group comparison; IIR, injury incidence rate; OR, odds ratio; PC, prospective cohort; RC, 
retrospective cohort; RCT, randomised controlled trial; RR, relative risk; (-) = not reported/statistically significant; (†), adjusted measure of association; ↑, 
increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered psychology as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation  
Nielsen et al 
(2013b) 
PC 91.6 General TASRI (type B (ref) type A) cIRD = -11.9%; 95% CI: -
23.3%--0.5%; p = 0.04 
Type A ↓ risk 
Walter et al 
(1989) 
PC 91.6 General Competitive vs. fitness motive 
(♂) 
RR = 1.73; 95% CI: 1.21-2.49 
(†) 
Competitive motive to 
race ↑ risk 
    Competitive vs. fitness motive 
(♀) 
- - 
Buist et al 
(2010b) 
PC 83.3 General JAS; type A vs. type B (♂) HR = 1.02; 95% CI: 0.99-1.04 
(†) 
- 
    JAS; type A vs. type B (♀) - - 
Hespanhol 
Junior et al 
PC 75.0 General Motivation (y (ref) 
neutral/impartial) 
OR = 1.22; 95% CI: 0.64-2.32; 
p = 0.554 
- 
  
(2013) 
    Motivation (y (ref) poor) OR = 0.89; 95% CI: 0.35-2.25; 
p = 0.81 
- 
Buist et al 
(2010a) 
PC 66.6 General Motivation (competition (ref) 
health-oriented) (♂) 
HR = 1.49; 95% CI: 0.84-2.66; 
p = 0.17 
- 
    Motivation (competition (ref) 
health-oriented) (♀) 
HR = 1.08; 95% CI: 0.70-1.67; 
p = 0.73 
- 
Fields et al 
(1990) 
PC 66.6 General TASRI (>120 vs. <120au) p <0.049 Higher % inj. type A 
Parker et al 
(2011) 
CS 2 
group 
81.8 General 
training-
related 
Self-reported; type A vs. type B 
(♀) 
OR = 2.60; 95% CI: 1.14-5.91; 
p = 0.02 (†) 
Type A ↑ risk 
    Self-reported; type AB vs. type B 
(♀) 
OR = 2.78; 95% CI: 1.29-5.98; 
p = 0.009 (†) 
Type AB ↑ risk 
  
   General 
marathon-
related 
Training satisfaction (not satisfied 
(ref) satisfied) (♀) 
OR = 1.21; 95% CI: 0.29-5.00; 
p = 0.79 (†) 
- 
    Training satisfaction (not satisfied 
(ref) v. satisfied) (♀) 
OR = 0.31; 95% CI: 0.08-1.28; 
p = 0.10 (†) 
- 
Marti et al 
(1988b) 
CS 2 
group 
72.7 General Competitive motive (32% vs. 
24.0%) 
p <0.001 Higher % inj. train to 
race 
Valliant (1981) CS 2 
group 
54.5 General Toughminded (6.03 vs. 4.53au) p <0.01 Inj. were less 
toughminded 
    Forthright (5.2 vs. 3.8au) p <0.05 Inj. were less 
forthright 
Ekenman et al 
(2001) 
CS 3 
group 
45.4 TSFX JAS-S; hard-driving/speed-
impatience (24.0 vs. 18.0au) (♀) 
p <0.02 Higher sense of 
impatience ↑ risk 
    HALTAM; time pressure (6.2 vs. p <0.05 Higher sense of time 
  
5.1) (♀) urgency ↑ risk 
    CES; exercise dependency (23.0 
vs. 11.3) (♀) 
p <0.05 Higher conviction to 
exercise ↑ risk 
    HALTAM; hostility  - - 
    HALTAM; anger - - 
    HALTAM; dominance - - 
    RIEC; locus of control - - 
Marti & 
Rehmann 
(1987) 
CS 2 
group 
36.3 General Competitive motive (y vs. n) SRC .036; p = 0.01 (†) Competitive motive ↑ 
risk 
    Health-concerned motive (values 
not reported) 
SRC .036; p = 0.01 (†) Health-related motive 
↑ risk 
Au, arbitrary unit, HALTAM, heart and lifestyle type A measure; CES, commitment to exercise scale; cIRD, cumulative injury rate difference; CS 2 group, 
cross-sectional two group comparison; CS 3 group, cross-sectional three group comparison; JAS-S, Jenkins activity survey Swedish modification; HR, hazard 
  
ratio; OR, odds ratio; RIEC, Rotter internal-external control scale; RR, relative risk; SRC, standardised regression coefficient; TARSI, type A self-reported 
inventory; TSFX, tibial stress fracture; (-) = not reported/statistically significant; (†) = adjusted measure of association; ↑ = increase; ↓ = decrease; (*), 
methodological quality score (higher numbers indicate superior quality) 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered other modifiable factors as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation 
Theisen et al 
(2013) 
RCT 91.6 General Mean session intensity/pace (Borg RPE) HR = 1.39; 95% CI: 1.04-
1.87 (†) 
Higher subjective 
intensities ↑ risk 
Bredeweg et al 
(2012) 
RCT 66.6 General Preconditioning program (IIP = 15.2% 
[26/171] vs. 16.8% [32/191]) 
p = 0.69 - 
    Preconditioning program (IIR = 31.0 vs. 
30.0 per 1000h) 
95% CI: 24-38 to 95% CI: 
24-37 
- 
Jakobsen et al 
(1994) 
RCT 41.6 General 
training-related 
Individualised training plans (IIR = 7.4 
vs. 6.9 per 1000h) 
- - 
   General 
competition-
related 
Individualised training plans (IIR = 30.7 
vs. 62.5 per 1000h) 
p <0.005 Customised 
program ↓ risk 
  
Van Middelkoop 
et al (2008) 
PC 83.3 General Daily smoking  OR = 0.25; 95% CI: 0.06-
1.07; p = 0.06 (†) 
- 
Hespanhol Junior 
et al (2013) 
PC 75.0 General Race participation during follow-up (no 
(ref) yes) 
OR = 0.79; 95% CI: 0.49-
1.28; p = 0.33  
- 
Malisoux et al 
(2013) 
PC 75.0 General Mean session intensity/pace (Borg RPE) - - 
Hootman et al 
(2002) 
RC 83.3 General Prior 12.0mo weight training 2d/wk (y 
vs. n) (♂) 
- - 
    Prior 12.0mo weight training 2d/wk (y 
vs. n) (♀) 
OR = 0.56; 95% CI: 0.32-
0.98; p = 0.04 (†) 
↓ risk 
Parker et al 
(2011) 
CS 2 
group 
81.8 General 
training-related  
Type of training (other/solo (ref) GTP) 
(♀) 
OR = 1.38; 95% CI: 0.86-
2.23; p = 0.18 (†) 
- 
   General 
marathon-
Type of training (other/solo (ref) GTP) 
(♀) 
OR = 2.36; 95% CI: 1.15-
4.83; p = 0.02 (†) 
Group training ↑ 
risk 
  
related 
Chang et al 
(2012) 
CS 2 
group 
63.6 Hip Race group (10km vs. 42.2km) OR = 3.02; 95% CI: 1.21-
7.54; p = 0.02 (†) 
10km ↑ risk 
   Ankle Race group (10km vs. 42.2km) OR = 1.95; 95% CI: 1.21-
3.13; p = 0.006 (†) 
10km ↑ risk 
    Race group (21.1km vs. 42.2km) OR = 0.38; 95% CI: 0.21-
0.71; p = 0.002 (†) 
21.1km ↑ risk 
Jacobs & Berson 
(1986) 
CS 2 
group 
63.6 General Muscle strengthening exercises (values 
not reported) 
- - 
Haglund-
Åkerlind et al 
(1993) 
CS 2 
group 
54.5 General Strength training freq. (2.0 vs. 1.4d/wk) - - 
Knobloch et al 
(2008) 
CS 2 
group 
27.2 AT Discipline (1500-3000m; ref not 
reported) 
OR = 2.5; 95% CI: 1.09-
5.84; p = 0.026 
↑ risk  
  
    Discipline (5km; ref not reported) OR = 1.8; 95% CI: 1.04-
3.18; p = 0.034 
↑ risk 
    Discipline (half marathon; ref not 
reported) 
OR = 0.5; 95% CI: 0.28-
0.92; p = 0.025 
↑ risk 
   PF Discipline (marathon; ref not reported) OR = 0.37; 95% CI: 0.18-
0.77; p = 0.006 
↓ risk 
McQuade (1986) CS 2 
group 
27.2 General Strength training (54.0% vs. 65.0%) - - 
AT, Achilles tendinopathy; CI, confidence interval; CS 2 group, cross-sectional two group comparison; GTP, group training program; HR, hazard ratio; IIR, 
injury incidence rate; OR, odds ratio; PC, prospective cohort; PF, plantar fasciitis; RCT, randomised controlled trial; RPE, rate of perceived exertion; RR, 
relative risk; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher 
numbers indicate superior quality) 
 
 
 
  
Extracted information on running-related injury studies that had considered age as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. 
first) 
Estimate, 95% CI, and p-value Interpretation  
Theisen et al (2013) RCT 91.6 General Per 1.0yr ↑ - - 
Kelsey et al (2007) PC 91.6 SFX Per 1.0yr ↓ (♀) HR = 1.42; 95% CI: 1.05-1.92 (†) Lower age ↑ risk 
Nielsen et al (2013b) PC 91.6 General 30.0-45.0 (ref) 18.0-30.0yr cIRD at 500km; -1.6%; 95% CI: -
12.3%-9.2%; p = 0.77 
- 
    30.0-45.0 (ref) 45.0-65.0yr cIRD at 500km; 14.7%; 95% CI: -
2.1%-31.5%; p = 0.08 
- 
Bredeweg et al 
(2013) 
PC 83.3 General 42.6 vs. 39.1yr (♂) - - 
    39.3yr vs. 35.2yr (♀) - - 
Buist et al (2010b) PC 83.3 General Per 1.0yr ↑ (♂) - - 
  
Hirschmüller et al 
(2012) 
PC 83.3 AT 48.1 vs. 42.8yr p = 0.013 - 
Wen et al (1998) PC 83.3 Multiple varied 
injuries 
- - - 
Malisoux et al 
(2013) 
PC 75.0 General Per 1.0yr ↑ HR = 0.99; p = 0.428 (†) - 
Kluitenberg et al 
(2015) 
PC 75.0 General Per 1.0yr ↑ HR = 1.02; 95% CI: 1.00-1.04; p 
= 0.01 (†) 
Higher age ↑ risk  
Buist et al (2010a) PC 66.6 General Per 10.0yr ↑ (♂) HR = 0.63; 95% CI: 0.48-0.82; p 
= 0.001 (†) 
Higher age ↓ risk 
    Per 10.0yr ↑ (♀) HR = 0.82; 95% CI: 0.66-1.02; p 
= 0.07 (†) 
- 
Satterthwaite et al 
(1999) 
PC 58.3 Front thigh <25.0 (ref) 25.0-29.0yr  - - 
  
    <25.0 (ref) 30.0-34.0yr OR = 1.83; 95% CI: 1.04-3.22 (†) 30.0-34.0yr ↑ risk 
    <25.0 (ref) 35.0-39.0yr - - 
    <25.0 (ref) ≥40.0yr - - 
   Calf <25.0 (ref) 25.0-29.0yr - - 
    <25.0 (ref) 30.0-34.0yr OR = 0.43; 95% CI: 0.23-0.78 (†) 30.0-34.0yr ↓ risk 
    <25.0 (ref) 35.0-39.0yr - - 
    <25.0 (ref) ≥40.0yr OR = 0.40; 95% CI: 0.23-0.73 (†) ≥40yr ↓ risk 
Taunton et al (2003) PC 58.3 General overall 
(‡) 
<31.0yr (♂) - - 
    31.0-37.0yr (♂) - - 
    38.0-43.0yr (♂) - - 
    44.0-50.0yr (♂) - - 
  
    >50.0yr (♂)  - - 
    >50.0yr (♀) OR = 1.92; 95% CI: 1.11-3.33 (†) >50yr ↑ risk  
   General new (‡) <31.0yr (♂) - - 
    <31.0yr (♀) RR = 0.58; 95% CI: 0.34-0.97 (†) <31yr ↓ risk 
    31.0-37.0yr - - 
    38.0-43.0yr - - 
    44.0-50.0yr - - 
    >50.0yr - - 
Thijs et al (2011) PC 58.3 PFPS 41.6 vs. 37.5yr p = 0.20 - 
Van Ginckel et al 
(2009) 
PC 50.0 AT 38.0 vs. 40.0yr p = 0.88 - 
Ghani Zadah Hesar PC 41.6 General 40.6 vs. 38.7yr OR = 1.20; p = 0.39 - 
  
et al (2009) 
Thijs et al (2008) PC 33.3 PFPS 39.4 vs. 37.6yr  p = 0.49 - 
Hootman et al 
(2002) 
RC 83.3 General Per 10.0yr ↑ (♂) OR = 0.83; 95% CI: 0.78-0.88; p 
= 0.0024 (†) 
Higher age ↓ risk 
    Per 10.0yr ↑ (♀) - - 
Taunton et al (2002) RC 50.0 PFPS 34.0 (ref) <34.0yr (♂) OR = 1.90; 95% CI: 1.15-3.14 (†) <34yr ↑ risk 
   ITBFS 34.0 (ref) <34.0yr (♂) OR = 2.77; 95% CI: 1.42-5.39 (†) - 
   PT 34.0 (ref) <34.0yr (♂) OR = 4.21; 95% CI: 1.97-8.89 (†) - 
   MTSS 34.0 (ref) <34.0yr (♂) OR = 4.58; 95% CI: 1.77-11.81 
(†) 
- 
   PF 34.0 (ref) <34.0yr (♂) OR = 0.39; 95% CI: 0.19-0.78 (†) <34yr ↓ risk 
   Meniscal 34.0 (ref) <34.0yr (♂) OR = 0.22; 95% CI: 0.08-0.57 (†) - 
  
   AT 34.0 (ref) <34.0yr (♂) OR = 0.36; 95% CI: 0.16-0.78 (†) - 
   Gluteus medius, 
SFX, spinal 
34.0 (ref) <34.0yr (♂) - - 
   PFPS 34.0 (ref) <34.0yr (♀) OR = 2.16; 95% CI: 1.33-3.49 (†) <34yr ↑ risk 
   Meniscal 34.0 (ref) <34.0yr (♀) OR = 0.44; 95% CI: 0.19-0.97 (†) <34yr ↓ risk 
   Multiple varied 
injuries 
34.0 (ref) <34.0yr (♀) - - 
Parker et al (2011) CS 2 
group 
81.8 General training-
related 
<25.0 (ref) 25.0-39.0yr (♀) OR = 1.37; 95% CI: 0.62-3.04; p 
= 0.44 (†) 
- 
    <25.0 (ref) 40.0-54.0yr (♀) OR = 1.25; 95% CI: 0.52-3.02; p 
= 0.61 (†) 
- 
    <25.0 (ref) ≥55.0yr (♀) OR = 0.62; 95% CI: 0.10-3.96; p 
= 0.61 (†) 
- 
  
   General 
marathon-related 
<25.0 (ref) 25.0-39.0yr (♀) OR = 1.44; 95% CI: 0.47-4.43; p 
= 0.52 (†) 
- 
    <25.0 (ref) 40.0-54.0yr (♀) OR = 0.88; 95% CI: 0.25-3.12; p 
= 0.84 (†) 
- 
    <25.0 (ref) ≥55.0yr (♀) OR = 2.17; 95% CI: 0.18-26.43; p 
= 0.54 (†) 
- 
Wen et al (1997) CS 2 
group 
81.8 Multiple varied 
injuries 
- - - 
Lloyd et al (1986) CS 2 
group 
72.7 General 33.7 vs. 31.6yr (♀) - - 
Marti et al (1988b) CS 2 
group 
72.7 General 34.8 vs. 35.0yr - - 
Gerlach et al (2005) CS 2 
group 
63.6 Multiple varied 
injuries 
- - - 
  
McKelvie & Valliant 
(1985) 
CS 2 
group 
63.3 General 30.2 vs. 36.1yr p = <0.01 Inj. group were 
younger 
Bennell et al (2004) CS 2 
group 
54.5 TSFX 29.4 vs. 30.6yr (♀) p = 0.63 - 
Haglund-Åkerlind et 
al (1993) 
CS 2 
group 
54.5 AT 26.9 vs. 24.9yr - - 
Messier et al (1995) CS 2 
group 
54.5 ITBFS 33.9 vs. 35.0yr - - 
Ribeiro et al (2011a) CS 3 
group 
54.5 PF Current = 46.0; history = 
40.0; no = 36.0yr (♂) 
p = 0.20 - 
    Current = 44.0; history = 
34.0; no = 38.0yr (♀) 
p = 0.19 - 
Ribeiro et al (2011b) CS 3 
group 
54.5 PF Current = 44.4; history = 
38.3; no = 35.0yr 
p = 0.19 - 
  
Ekenman et al 
(2001) 
CS 3 
group 
45.4 SFX - - - 
Grimston et al 
(1991) 
CS 2 
group 
36.3 SFX 26.9 vs. 32.8yr (♀) p <0.05 Inj. group were 
younger 
Reinking & Hayes 
(2006) 
CS 2 
group 
36.3 ERLP 19.3 vs. 19.5yr - - 
   General Per 1.0yr ↑ (♀) HR = 0.84; 95% CI: 0.62-1.13 (†) - 
McCrory et al (1999) CS 2 
group 
27.2 AT 38.4 vs. 34.5yr - - 
McQuade (1986) CS 2 
group 
27.2 General 26.7 vs. 25.9yr - - 
AT, Achilles tendinopathy; CI, confidence interval; cIRD, cumulative injury risk difference; CS 2 group, cross-sectional two group comparison; CS 3 group, 
cross-sectional three group comparison; ERLP, exercise-related leg pain; HR, hazard ratio; ITBFS, iliotibial band friction syndrome; MTSS, medial tibial 
stress syndrome; OR, odds ratio; PC, prospective cohort; PFPS, patellofemoral pain syndrome; PF, plantar fasciitis; RC, retrospective cohort; RCT, 
randomised controlled trial; RR, relative risk; SFX, stress fracture; TSFX, tibial stress fracture; (-) not reported/statistically significant; (†), adjusted measure 
  
of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality); ‡ general overall and general new 
represent whether the participant was currently afflicted with injury or whether the injury was sustained during follow-up  
 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered sex as an exposure 
Study Design Quality (%) 
(*) 
Injury type Exposure 
categories 
Estimate, 95% CI, and p-value Interpretation 
Theisen et al (2013) RCT  91.6 General  ♂ (ref) ♀ - - 
Nielsen et al (2013b) PC 91.6 General ♀ (ref) ♂ cIRD at 500km; -4.4%; 95% CI: -
15.2%-6.4%; p = 0.42 
- 
Hirschmüller et al 
(2012) 
PC 83.3 AT - - - 
Kluitenberg et al 
(2015) 
PC 75.0 General ♀ (ref) ♂ HR = 1.00; 95% CI: 0.66-1.53; p = 
0.99 (†) 
- 
Malisoux et al 
(2013) 
PC 75.0 General ♂ (ref) ♀ HR = 0.84; p = 0.51 - 
Bennett et al (2012) PC 66.6 In-season ERLP ♂ (ref) ♀ OR = 1.1; 95% CI: 0.3-4.3 - 
  
   In-season medial 
ERLP 
♂ (ref) ♀ OR = 3.6; 95% CI: 0.6-21.8 - 
Buist et al (2010a) PC 66.6 General ♀ (ref) ♂ HR = 1.42; 95% CI: 1.02-1.99; p = 
0.04 (†) 
♂ ↑ risk 
Reinking et al 
(2007) 
PC 58.3 ERLP - - - 
Van Ginckel et al 
(2009) 
PC  50.0 AT  - - 
Ghani Zadah Hesar 
et al (2009) 
PC 41.6 General ♂ (ref) ♀ OR = 1.35; p = 0.59 - 
McKean et al (2006) CS 2 
group 
72.7 Multiple varied 
injuries 
♀ (ref) ♂ (<40yrs 
group) 
OR = 1.28; 95% CI: 1.06-1.54; p = 
0.012 (†) 
♂ ↑ risk 
    ♀ (ref) ♂ (>40yrs 
group) 
- - 
  
Rasmussen et al 
(2013) 
CS 2 
group 
72.7 General ♀ vs. ♂ RR = 0.77; 95% CI: 0.46-1.31; p = 
0.34 
- 
Jacobs & Berson 
(1986) 
CS 2 
group 
63.6 General - - - 
Lopes et al (2011) CS 2 
group 
54.5 General ♂ (ref) ♀ RR = 1.35; 95% CI: 1.05-1.72 ♀ ↑ risk 
Messier et al (1995) CS 2 
group 
54.5 ITBFS - - - 
Satterthwaite et al 
(1999) 
CS 2 
group 
54.5 Hamstring ♀ (ref) ♂ OR = 1.60; 95% CI: 1.04-2.47 (†) ♂ ↑ risk 
   Hip ♂ (ref) ♀ OR = 1.88; 95% CI: 1.15-3.06 (†) ♀ ↑ risk 
   Calf ♀ (ref) ♂ OR = 1.86; 95% CI: 1.29-2.68 (†) ♂ ↑ risk 
AT, Achilles tendinopathy; CI, confidence interval; cIRD, cumulative injury risk difference; CS 2 group, cross-sectional two group comparison; ERLP, 
exercise-related leg pain; HR, hazard ratio; ITBFS, iliotibial band friction syndrome; OR, odds ratio; PC, prospective cohort; RC, retrospective cohort; RCT, 
  
randomised controlled trial; RR, relative risk; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), 
methodological quality score (higher numbers indicate superior quality) 
 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered height as an exposure 
Study Design Quality (%) 
(*) 
Injury type Exposure categories (inj. 
first) 
Estimate, 95% CI, 
and p-value 
Interpretation 
Kelsey et al 
(2007) 
PC 91.6 SFX Per 1.0cm ↓ (♀) HR = 1.04; 95% CI: 
0.96-1.12 (†) 
- 
Walter et al 
(1989) 
PC 91.6 General <170.0 (ref) 170.0-179.0cm 
(♂) 
RR = 2.04; 95% CI: 
1.15-3.46 (†) 
‘Average height’ ↑ 
risk 
    <170.0 (ref) ≥180.0cm (♂) RR = 2.30; 95% CI: 
1.29-3.90 (†) 
‘Tall’ ↑ risk 
    <160.0 (ref) 160.0-169.0cm 
(♀) 
- - 
    <160.0 (ref) ≥180.0cm (♀) - - 
Hirschmüller et al 
(2012) 
PC 83.3 AT 175.9 vs. 175.5cm - - 
  
Thijs et al (2011) PC 58.3 PFPS 166.0 vs. 167.0cm p = 0.5 - 
Van Ginckel et al 
(2009) 
PC 50.0 General 167.1 vs. 168.3cm p = 0.65 - 
Ghani Zadah 
Hesar et al (2009) 
PC 41.6 General 168.6 vs. 168.4cm OR = 1.03; p = 0.91 - 
Thijs et al (2008) PC 33.3 PFPS 164.5 vs. 167.4cm p = 0.57 - 
Taunton et al 
(2002) 
RC 50.0 PF 157.0 (ref) <157.0cm (♂) OR = 5.25; 95% CI: 
2.02-13.67 (†) 
<157cm ↑ risk 
   Multiple varied 
injuries 
157.0 (ref) <157.0cm (♂) - - 
   PFPS 157.0 (ref) <157.0cm (♀) OR = 1.61; 95% CI: 
1.03-2.52 (†) 
<157cm ↑ risk 
   Multiple varied 
injuries 
157.0 (ref) <157.0cm (♀) - - 
  
Wen et al (1997) CS 2 group 81.8 Multiple varied 
injuries 
- - - 
Lloyd et al 
(1986) 
CS 2 group 72.7 General 163.7 vs. 164.2cm (♀) - - 
Gerlach et al 
(2005) 
CS 2 group 63.6 Multiple varied 
injuries 
- - - 
Bennell et al 
(2004) 
CS 2 group 54.5 TSFX 169.1 vs. 165.1cm (♀) p = 0.06 - 
Duffey et al 
(2000) 
CS 2 group 54.5 AKP 172.0 vs. 174.0cm p = 0.03 Inj. group were 
shorter 
Haglund-
Åkerlind et al 
(1993) 
CS 2 group 54.5 AT 183.0 vs. 183.0cm - - 
Messier et al CS 2 group  54.5 ITBFS 171.0 vs. 174cm p <0.03 Inj. group were 
  
(1995) shorter 
Ribeiro et al 
(2011a) 
CS 3 group 54.5 PF Current = 175.0; history = 166; 
no = 179.0cm (♂) 
p = 0.10 - 
    Current = 156.0; history = 
176.0; no = 171.0cm (♀) 
p = 0.24 - 
Ribeiro et al 
(2011b) 
CS 3 group 54.5 PF Current = 168.0; history = 
176.0; no = 171.0cm 
p = 0.17 - 
Valliant (1981) CS 2 group 54.5 General 175.3 vs. 167.6cm p <0.001 Inj. group were taller 
Grimston et al 
(1991) 
CS 2 group 36.3 SFX 166.3 vs. 161.1cm - - 
McCrory et al 
(1999) 
CS 2 group 27.2 AT 174.5 vs. 174.5cm - - 
AKP, anterior knee pain; AT, Achilles tendinopathy; CI, confidence interval; CS 2 group, cross-sectional two group comparison; CS 3 group, cross-sectional 
three group comparison; OR, odds ratio; PC, prospective cohort; PF, plantar fasciitis; PFPS, patellofemoral pain syndrome; RC,  
  
retrospective cohort; RR, relative risk; SFX, stress fracture; TSFX, tibial stress fracture; (-) not reported/statistically significant; (†), adjusted measure of 
association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered experience as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation 
Theisen et al 
(2013) 
RCT 91.6 General Per 1.0yr ↑ HR = 1.00; p = 0.69 - 
    Regular runner prior 12mo (1.0 session 
p/w for 50% of the time) 
HR = 0.42; 95% CI: 0.23-
0.78 (†) 
Regularity ↓ risk 
    Competition/wk HR = 0.85; p = 0.80 - 
Kelsey et al 
(2007) 
PC 91.6 SFX Age started competing (per 1.0yr ↓) 
(♀) 
HR = 1.01; 95% CI: 0.93-
1.10 (†) 
- 
    Total # competitive seasons (per 1.0 
unit ↓) (♀) 
HR = 1.01; 95% CI: 0.93, 
1.10 (†) 
- 
Macera et al 
(1989) 
PC 91.6 General 3.0-9.0 (ref) 0.0-2.0yr (♂) OR = 2.2; 95% CI: 1.5-3.3 
(†) 
Lower exp. ↑ risk 
  
    3.0-9.0 (ref) ≥10.0yr (♂) OR = 1.2; 95% CI: 0.8-1.9 
(†) 
- 
    3.0-9.0 (ref) 0.0-2.0yr (♀) OR = 1.4; 95% CI: 0.3-6.4 
(†) 
- 
    3.0-9.0 (ref) ≥10.0yr (♀) OR = 1.7; 95% CI: 0.5-6.1 
(†) 
- 
Walter et al 
(1989) 
PC 91.6 General Run yr round (y vs. n) (♂) RR = 1.64; 95% CI: 1.12-
2.35 (†) 
Regularity ↑ risk  
    Run yr round (y vs. n) (♀) RR = 2.00; 95% CI: 1.01-
3.75 (†) 
Regularity ↑ risk 
Buist et al 
(2010b) 
PC 83.3 General Prev. active (axial loading (ref) non-
axial load) (♂) 
HR = 2.02; 95% CI: 1.00-
4.05 (†) 
Non-axial loading ↑ 
risk 
    Prev. active (axial loading (ref) never) 
(♂) 
HR = 1.23; 95% CI: 0.54-
2.78 (†) 
- 
  
    Prev. active (axial loading (ref) non-
axial load) (♀) 
- - 
    Previously active; axial loading (ref) 
never (♀) 
- - 
Hirschmüller et al 
(2012) 
PC 83.3 AT 12.7 vs. 9.3yr - - 
Wen et al (1998) PC 83.3 General High exp. (values not reported) RIIR = 1.88; 95% CI: 1.16-
3.05; p <0.05 (†) 
Higher exp. ↑ risk 
   Foot  High exp. (values not reported) RIIR = 1.09; 95% CI: 1.03-
1.15; p <0.05 (†) 
Higher exp. ↑ risk 
Hespanhol Junior 
et al (2013) 
PC 75.0 General Per 1.0yr ↑ OR = 0.99; 95% CI: 0.94-
1.03; p = 0.601  
- 
Kluitenberg et al 
(2015) 
PC  75.0 General Exp. <12mo (y (ref) n) HR = 2.38; 95% CI: 1.24-
4.57; p = 0.009 (†) 
Lower exp. ↑ risk 
  
    Exp. <12mo (y (ref) >12mo) HR = 1.41; 95% CI: 0.75-
2.63; p = 0.28 (†) 
- 
    Prev. active (axial loading (ref) never) HR = 1.18; 95% CI: 0.80-
1.74; p = 0.42 (†) 
- 
    Prev. active (axial loading (ref) non-
axial) 
HR = 1.19; 95% CI: 0.77-
1.86; p = 0.44 (†) 
- 
Malisoux et al 
(2013) 
PC 75.0 General  Per 1.0yr ↑ HR = 0.99; p = 0.86 - 
    Half-marathon participation prior 
12mo (n (ref) y) 
- - 
    Competitions (% of total volume) - - 
Van Middelkoop 
et al (2007) 
PC 75.0 General 3.0-10.0 (ref) 0.0-2.0yr OR = 0.79; 95% CI: 0.31-
2.01; p = 0.62 (†) 
- 
    3.0-10.0 (ref) ≥10.0yr OR = 0.40; 95% CI: 0.12- - 
  
1.30; p = .13 (†) 
    # races (0.0-3.0 (ref) 4.0-7.0yr) OR = 0.97; 95% CI: 0.23-
4.05; p = 0.97 (†) 
- 
    # races (0.0-3.0 (ref) ≥8.0yr) OR = 0.65; 95% CI: 0.15-
2.91; p = 0.58 (†) 
- 
    # races prior 12mo (0.0-2.0 (ref) 3.0-
6.0) 
OR = 0.63; 95% CI: 0.13-
3.10; p = 0.57 (†) 
- 
    # races prior 12mo (0-2 (ref) ≥7.0) OR = 0.59; 95% CI: 0.13-
2.59; p = 0.48 (†) 
- 
    Races of 0.0-5.0km (no (ref) yes) OR = 2.61; 95% CI: 0.22-
30.71; p = 0.45 (†) 
- 
Buist et al 
(2010a) 
PC 66.6 General Current participation (ref) restarted 
running (♂) 
HR = 2.24; 95% CI: 1.13-
4.45; p = 0.02 (†) 
Resuming activities ↑ 
risk 
    Current participation (ref) no exp. (♂) HR = 2.61; 95% CI: 1.23- No exp. ↑ risk 
  
5.53; p = 0.012 (†) 
    Prev. active (axial loading (ref) prev. 
active non-axial loading) (♂) 
HR = 0.88; 95% CI: 0.41-
1.93; p = 0.76 (†) 
- 
    Prev. active (axial loading (ref) not 
previously active) (♂) 
HR = 1.08; 95% CI: 0.57-
2.04; p = 0.81 (†) 
- 
    Current participation (ref) restarted 
running (♀) 
HR = 1.15; 95% CI: 0.65-
2.02; p = 0.63 (†) 
- 
    Current participation (ref) no 
experience (♀) 
HR = 2.14; 95% CI: 1.24-
3.70; p = 0.007 (†) 
No exp. ↑ risk 
    Prev. active (axial loading (ref) prev. 
active non-axial loading) (♀) 
HR = 1.85; 95% CI: 1.07-
3.21; p = 0.029 (†) 
Non-axial loading ↑ 
risk 
    Prev. active (axial loading (ref) not 
prev. active) (♀) 
HR = 1.53; 95% CI: 0.88-
2.66; p = 0.130 (†) 
- 
Reinking et al PC 58.3 ERLP Yrs collegiate running (1st-2nd (ref) 3rd- RR = 1.74; 95% CI: 0.81- - 
  
(2007) 4th) (quartiles of years running) 3.73 
Satterthwaite et al 
(1999) 
PC 58.3 Hamstring Debut marathon (y vs. n) OR = 1.55; 95% CI: 1.08-
2.22; p <0.02 (†) 
Lower exp. ↑ risk  
   Knee Debut marathon (y vs. n) OR = 1.66; 95% CI: 1.16-
2.38; p <0.005 (†) 
Lower exp. ↑ risk 
Hootman et al 
(2002) 
RC 83.3 General # races prior 12.0mo (>3.0 vs. <3.0) 
(♂) 
OR = 1.03; 95% CI: 1.00-
1.06; p = 0.04 (†) 
Higher # races ↑ risk  
    # races prior 12.0mo (>3.0 vs. <3.0) 
(♀) 
OR = 1.18; 95% CI: 1.07-
1.31; p <0.001 (†) 
Higher # races ↑ risk 
Taunton et al 
(2002) 
RC 50.0 MTSS 8.5 (ref) <8.5yr (♂) OR = 3.53; 95% CI: 1.28-
9.75 (†) 
Lower exp. ↑ risk 
   Multiple 
varied injuries 
8.5 (ref) <8.5yr (♂) - - 
   MTSS 8.5 (ref) <8.5yr (♀) OR = 2.50; 95% CI: 1.07- Lower exp. ↑ risk 
  
5.82 (†) 
   Multiple 
varied injuries 
8.5yr (ref) <8.5yr (♀) - - 
Myburgh et al 
(1990) 
CC 50.0 SFX # competitions (values not reported) - - 
    3.0 vs. 3.0yr - - 
Miller et al 
(2007) 
CC 40.0 ITBFS Current mileage (6.0 vs. 6.3mo) p = 0.87 - 
Parker et al 
(2011) 
CS 2 
group 
81.8 General 
training-
related 
Prev. marathon exp. (n (ref) y) (♀) OR = 0.63; 95% CI: 0.38-
1.04; p = 0.07 (†) 
- 
   General 
marathon-
related 
Prev. marathon exp. (n (ref) y) (♀) OR = 0.70; 95% CI: 0.35-
1.40; p = 0.31 (†) 
- 
  
Wen et al (1997) CS 2 
group 
81.8 Hip Least exp. (tertiles not reported) OR = 0.17; p = 0.03 (†) Lower exp. ↓ risk  
    Most exp. (tertiles not reported) OR = 0.24, P = 0.07 (†) Higher exp. ↓ risk 
Lloyd et al 
(1986) 
CS 2 
group 
72.7 General 5.6 vs. 4.0yr (♀) p <0.009 Inj. group had a higher 
exp. 
    5.6 vs. 4.0yr (♀) p <0.0013 (†) Inj. group had a higher 
exp. 
    Age started (27.8 vs. 27.6yr) (♀) - - 
Marti et al 
(1988b) 
CS 2 
group 
72.7 General 7.0 vs. 6.8yr - - 
McKean et al 
(2006) 
CS 2 
group 
72.7 Multiple 
varied injuries 
- - - 
Rasmussen et al 
(2013) 
CS 2 
group 
72.7 General Prev. marathon exp. (y vs. n) RR = 0.60; 95% CI: 0.37-
0.95; p = 0.03 (†) 
Higher exp. ↓ risk 
  
Jacobs & Berson 
(1986) 
CS 2 
group 
63.6 General Overall exp. (values not reported) - - 
    Prev. marathon participation (values 
not reported) 
- - 
    >10 races prior 12mo (~35% vs. 
~25%) 
p <0.025 Higher % of the inj. 
group raced 
Bennell et al 
(2004) 
CS 2 
group 
54.5 TSFX Yrs >20km p/w (8.2 vs. 6.7yr) (♀) p = 0.13 - 
Duffey et al 
(2000) 
CS 2 
group 
54.5 AKP 9.6 vs. 9.6yr - - 
Haglund-
Åkerlind et al 
(1993) 
CS 2 
group 
54.5 AT 8.9 vs. 5.2yr p <0.01 Inj. group had a higher 
exp. 
    Personal best (800m & 1500m) - - 
  
Lopes et al 
(2011) 
CS 2 
group 
54.5 General 45.0 vs. 36.0mo P <0.001 Higher exp. ↑ risk 
Messier et al  
(1995) 
CS 2 
group 
54.5 ITBFS 7.8 vs. 10.6yr p = 0.003 Inj. group had a lower 
exp. 
Niemuth et al 
(2005) 
CS 2 
group 
54.5 Multiple 
varied injuries 
- - - 
Grimston et al 
(1991) 
CS 2 
group 
36.3 SFX 7.2 vs. 6.6yr (♀) - - 
Messier et al  
(1991) 
CS 2 
group 
36.3 PFPS 8.6 vs. 8.4yr - - 
Reinking & 
Hayes (2006) 
CS 2 
group 
36.3 ERLP 6.0 vs. 5.8yr - - 
Knobloch et al 
(2008) 
CS 2 
group 
27.2 Back >10yr (ref not reported) OR = 3.3; 95% CI: 1.16-
4.57; p = 0.01 
Higher exp. ↑ risk 
  
   AT >10yr (ref not reported) OR = 1.6; 95% CI: 1.02-
2.76; p = 0.04 
Higher exp. ↑ risk 
McCrory et al 
(1999) 
CS 2 
group 
27.2 AT 11.9 vs. 9.6yr p <0.05 Inj. group had a higher 
exp. 
McQuade (1986) CS 2 
group 
27.2 General 6.3 vs. 4.6yr - - 
Messier & Pittala 
(1988) 
CS 3 
group 
27.2 MTSS, ITBFS, 
PF 
Control = 8yr; MTSS = 4yr; ITBFS = 
5yr; PF = 7yr 
- - 
AKP, anterior knee pain; AT, Achilles tendinopathy; CC, case-control; CI, confidence interval; CS 2 group, cross-sectional two group comparison; CS 3 
group, cross-sectional three group comparison; ERLP, exercise-related leg pain; Exp, experience; HR, hazard ratio; ITBFS, iliotibial band friction syndrome; 
MTSS, medial tibial stress syndrome; OR, odds ratio; PC, prospective cohort; PFPS, patellofemoral pain syndrome; PF, plantar fasciitis; RC, retrospective 
cohort; RCT, randomised controlled trial; RR, relative risk; SFX, stress fracture; TSFX, tibial stress fracture; (-) not reported/statistically significant; (†), 
adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
  
Extracted information on running-related injury studies that had considered previous injury as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation 
Theisen et al 
(2013) 
RCT  91.6 General Prior 12mo (n (ref) y) HR = 1.74; 95% CI: 1.03-2.90 
(†) 
Previous 
injury ↑ risk 
Kelsey et al 
(2007) 
PC 91.6 SFX History of  ≥1.0 prior SFX (♀) HR = 6.42; 95% CI: 1.80-
22.87 (†) 
Previous 
injury ↑ risk 
Macera et al 
(1989) 
PC 91.6 General Prior 12.0mo (y vs. n) (♂) OR = 2.7; 95% CI: 2.6-2.7 (†) Previous 
injury ↑ risk 
    Prior 12.0mo (y vs. n) (♀) OR = 1.9; 95% CI: 0.7-4.9 (†) - 
Nielsen et al 
(2013b) 
PC 91.6 General Prev. inj. (n (ref) y) cIRD at 500km; 5.2%; 95% 
CI: -8.9%-19.3%; p = 0.47 
- 
    Prev. non running-related inj. (n (ref) y) cIRD at 500km; 11.1%; 95% 
CI: -0.2%-22.4%; p = 0.05 
Previous 
injury ↑ risk 
  
Walter et al 
(1989) 
PC 91.6 General Prior 12.0mo (y vs. n) (♂) RR = 1.69; 95% CI: 1.27-2.25 
(†) 
Previous 
injury ↑ risk 
    Prior 12.0mo (y vs. n) (♀) RR = 2.35; 95% CI: 1.33-4.07 
(†) 
- 
Buist et al 
(2010b) 
PC 83.3 General never (ref) >3.0-≤12.0mo (♂) HR = 2.64; 95% CI: 1.32-5.30 
(†) 
Previous 
injury ↑ risk 
    never (ref) >12.0mo (♂) HR = 2.14; 95% CI:1.05-4.35 
(†) 
Previous 
injury ↑ risk 
    never (ref) >3.0-≤12mo (♀) - - 
    never (ref) >12.0mo (♀) - - 
Hirschmüller et 
al (2012) 
PC 83.3 AT Prev. Inj. Achilles (y vs. n) OR = 3.8; 95% CI: 1.7-8.5; p 
= 0.001 (†) 
Previous 
injury ↑ risk 
Van Middelkoop 
et al (2008) 
PC 83.3 General Prior 12.0mo (y vs. n) OR = 2.62; 95% CI: 1.82-3.78 
(†) 
Previous 
injury ↑ risk 
  
Wen et al (1998) PC 83.3 General Prev. inj. (inj./weeks accumulated) RIIR = 2.01; 95% CI: 1.27-
3.21; p <0.05 (†) 
Previous 
injury ↑ risk 
   Shin Prev. inj. (inj./weeks accumulated) RIIR = 7.2; 95% CI: 2.40-
21.82; p <0.05 (†) 
Previous 
injury ↑ risk 
Hespanhol Junior 
et al (2013) 
PC 75.0 General Total # (n (ref) y) OR = 1.88; 95% CI: 1.01-
3.51; p = 0.046 (†) 
Previous 
injury ↑ risk 
Kluitenberg et al 
(2015) 
PC 75.0 General Prev. musculoskeletal complaints (no 
(ref) yes, not attributable to sports) 
HR = 1.78; 95% CI: 1.26-
2.53; p = 0.001 (†) 
Previous 
injury ↑ risk 
    Prev. musculoskeletal complaints (no 
(ref) yes, attributable to sports) 
HR = 1.19; 95% CI: 0.80-
1.77; p = 0.400 (†) 
- 
    Prev. inj. (n (ref) y) HR = 1.29; 95% CI: 0.75-
2.22; p = 0.36 (†) 
- 
Malisoux et al 
(2013) 
PC 75.0 General Prior 12mo (n (ref) y) HR = 1.72; 95% CI: 1.11-2.66 
(†) 
Previous 
injury ↑ risk 
  
Van Middelkoop 
et al (2007) 
PC 75.0 General Prior 12.0mo (n (ref) y) (♂) OR = 1.41; 95% CI: 0.48-
4.09; p = 0.53 (†) 
- 
    Inj. at baseline (n (ref) y) OR = 1.62; 95% CI: 0.61-
4.33; p = 0.34 (†) 
- 
Bennett et al 
(2012) 
PC 66.6 In-season 
ERLP 
ERLP prior 12.0mo  OR = 12.3; 95% CI: 3.1-48.9 
(†) 
Previous 
injury ↑ risk 
   In-season 
medial ERLP 
ERLP prior 1.0mo OR = 10.3; 95% CI: 1.7-61.9 
(†) 
Previous 
injury ↑ risk 
Buist et al 
(2010a) 
PC 66.6 General never (ref) <1.0yr (♂) HR = 0.66; 95% CI: 0.34-
1.31; p = 0.24 
- 
    never (ref) ≥1.0yr (♂) HR = 0.98; 95% CI: 0.57-
1.69; p = 0.94 
- 
    never (ref) <1.0yr (♀) HR = 1.29; 95% CI: 0.81-
2.05; p = 0.28 
- 
  
    never (ref) ≥1.0yr (♀) HR = 0.86; 95% CI: 0.52-
1.43; p = 0.57 
- 
Reinking et al 
(2007) 
PC 58.3 ERLP ERLP history (y (ref) n) RR = 2.34; 95% CI: 1.01-5.42 Previous 
injury ↑ risk 
Hootman et al 
(2002) 
RC 83.3 General Prior 12.0mo (y vs. n) (♂) OR = 2.09; 95% CI: 1.63-
2.68; p <0.001 (†) 
Previous 
injury ↑ risk 
    Prior 12.0mo (y vs. n) (♀) OR = 2.81; 95% CI: 1.68-
4.71; p <0.001 (†) 
Previous 
injury ↑ risk 
Taunton et al 
(2002) 
RC 50.0 Multiple 
varied injuries 
Prev. inj. same anatomical location - - 
Parker et al 
(2011) 
CS 2 
group 
81.8 General 
training-
related 
Prior 12.0mo (no (ref) mild) (♀) OR = 3.54; 95% CI: 1.90-
6.61; p <0.001 (†) 
Previous 
injury ↑ risk 
    Prior 12.0mo (no (ref) severe) (♀) OR = 5.08; 95% CI: 2.95- Previous 
  
8.73; p <0.001 (†) injury ↑ risk 
   General 
marathon-
related  
Inj. during training (no (ref) mild) (♀) OR = 3.79; 95% CI: 1.60-
9.01; p = 0.003 (†) 
Previous 
injury ↑ risk 
    Inj. during training (no (ref) severe) (♀) OR = 7.09; 95% CI: 3.30-
15.25; p <0.001 (†) 
Previous 
injury ↑ risk 
Marti (1988a) CS 2 
group 
72.7 General - p <0.05 Higher % inj. 
prev. inj. 
Marti et al 
(1988b) 
CS 2 
group 
72.7 General 20.8% vs. 12.7% P <0.001 Higher % inj. 
prev. inj. 
Rasmussen et al 
(2013) 
CS 2 
group 
72.7 General Prior 12mo (y vs. n) RR = 2.23; 95% CI: 1.41-3.52; 
p <0.01 (†) 
Previous 
injury ↑ risk 
AT, Achilles tendinopathy; CI, confidence interval; cIRD, cumulative injury risk difference; CS 2 group, cross-sectional two group comparison; ERLP, 
exercise-related leg pain; HR, hazard ratio; OR, odds ratio; PC, prospective cohort; RCT, randomised controlled trial; RR, relative risk; RIIR, relative injury 
  
incidence rate; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, increase; ↓, decrease; (*), methodological quality score (higher 
numbers indicate superior quality) 
 
 
 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered biomedical factors as an exposure 
Study Design Quality 
(%) (*) 
Injury 
type 
Exposure categories (inj. first) Estimate, 95% CI, and 
p-value 
Interpretation 
Kelsey et al 
(2007) 
PC 91.6 SFX BMC whole body (per SD 293.2g ↓) (♀) HR = 2.70; 95% CI: 
1.26-5.88 (†) 
Lower whole-body BMC 
↑ risk 
    BMC hip (per SD 5.78g ↓) (♀) RR = 1.69; 95% CI: 
0.95-2.94 (†) 
- 
    BMD hip (per SD 0.12g.cm-2 ↓) (♀) RR = 1.45; 95% CI: 
0.81-2.56 (†) 
- 
Hirschmüller et 
al (2012) 
PC 83.3 AT Neovascularisation OR = 6.9; 95% CI: 2.6-
18.8; p <0.001 (†) 
Higher intratendinous 
micro-vessels ↑ risk 
    Hyper/hypoechogenicity p = 0.988 - 
    Maximum tendon thickness - - 
  
    Spindle-shaped thickening - - 
Satterthwaite et 
al (1999) 
PC 58.3 Calf Illness prior to race (y vs. n) OR = 1.42; 95% CI: 
1.03-1.95; p <0.03 (†) 
↑ risk 
Myburgh et al 
(1990) 
CC 50.0 SFX BMD lumbar spine (1.01 vs. 1.11gm/cm2) p = 0.02 Inj. had lower BMD 
    BMD proximal femur (0.93 vs. 0.13gm/cm2) p = 0.02 Inj. had lower BMD 
    BMD femoral neck (0.83 vs. 0.89gm/cm2) p = 0.005 Inj. had lower BMD 
    BMD trochanter (0.69 vs. 0.75gm/cm2) p = 0.01 Inj. had lower BMD 
    BMD ward triangle (0.67 vs. 0.73gm/cm2) p = 0.01 Inj. had lower BMD 
Bennell et al 
(2004) 
CS 2 
group 
54.5 TSFX BMD lumbar spine [L1-L4] (1.053 vs. 
1.039gm/cm2) (♀) 
p = 0.54 - 
    BMD total hip (1.144 vs. 1.098gm/cm2) (♀) p = 0.81 - 
    BMD femoral neck (0.938 vs. 0.922gm/cm2) (♀) p = 0.77 - 
  
    BMD trochanter (0.825 vs. 0.801gm/cm2) (♀) p = 0.65 - 
    BMD tibia; region [R1] isolated marker (1.216 vs. 
1.152gm/cm2) (♀) 
p = 0.57 - 
    BMD tibia; region [R2] entire distal third (0.929 
vs. 0.879gm/cm2) (♀) 
p = 0.57 - 
    Anterior-posterior tibial width (2.32 vs. 2.32) (♀) p = 0.91 - 
    Medio-lateral tibial width (2.21 vs. 2.17) (♀) p = 0.42 - 
    Total cross-sectional tibial area (3.63 vs. 3.51cm2) 
(♀) 
p = 0.28 - 
    Cortical area of tibia (3.07 vs. 2.94cm2) (♀) p = 0.19 - 
Grimston et al 
(1991) 
CS 2 
group 
36.3 SFX BMD lumbar spine (0.92 vs. 0.85gm/cm2) (♀) p <0.05 Inj. had higher BMD 
    BMD femoral neck (0.85 vs. 0.79gm/cm2) (♀) p <0.05 - 
  
    BMD tibial diaphysis (18.67 vs. 17.02gm/cm2) 
(♀) 
- - 
AT, Achilles tendinopathy; BMC, bone mineral content; BMD, bone mineral density; CI, confidence interval; CS 2 group, cross-sectional two group 
comparison; CS 3 group, cross-sectional three group comparison; OR, odds ratio; PC, prospective cohort; RCT, randomised controlled trial; RR, relative risk; 
RRI, running-related injury; SFX, stress fracture; TSFX, tibial stress fracture; (-) not reported/statistically significant; (†), adjusted measure of association; ↑, 
increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
 
 
 
 
 
 
 
 
  
Extracted information on running-related injury studies that had considered other non-modifiable factors as an exposure 
Study Design Quality 
(%) (*) 
Injury type Exposure categories (inj. first) Estimate, 95% CI, and p-
value 
Interpretation 
Van Middelkoop 
et al (2008) 
PC 83.3 General High education OR = 0.76; 95% CI: 0.55-
1.07; p = 0.11 (†) 
- 
Lloyd et al 
(1986) 
CS 2 
group 
72.7 General # children (0.40 vs. 0.49) - - 
Gerlach et al 
(2005) 
CS 2 
group 
63.6 General VO2max (values not reported) - - 
Jacobs & Berson 
(1986) 
CS 2 
group 
63.6 General Marital status, education, occupation, 
income (values not reported) 
- - 
Marti & 
Rehmann (1987) 
CS 2 
group 
36.3 General Endurance capacity (values not 
reported) 
SRC -.064; p = 0.002 Higher fitness ↓ risk 
    Fitness level (low vs. medium vs. high) - - 
  
CI, confidence interval; CS 2 group, cross-sectional two group comparison; HR, hazard ratio; OR, odds ratio; PC, prospective cohort; RR, relative risk; SRC, 
standardised regression coefficient; VO2max, maximal oxygen uptake per minute; (-) not reported/statistically significant; (†), adjusted measure of 
association; ↑, increase; ↓, decrease; (*), methodological quality score (higher numbers indicate superior quality) 
Editorial
The problem with running injuries ☆
I entered my first running race (a 60-m sprint) when I was 6
years old, and have run and competed ever since for the past 55
years. When I was 19 years old, I entered the Physical Educa-
tion program at the Federal Technical Institute in Zurich, where
I became exposed to running and running injury research, and
although I have never researched running myself, through some
unexplainable fate, I have been in science laboratories where
running research was performed ever since. Therefore, my edi-
torial needs to be viewed in that context: an active runner all life
long, exposed to running research on a daily basis, but never
having done running research myself.
I have been fascinated by the fact that the rate of running
injuries has not declined over the past 45 years1 of systematic
research and millions of dollars invested by academic research-
ers and running shoe companies. There are 2 criticisms that I
have made to my running research colleagues: first, I was
puzzled why research in this area was based on the mechanics
of running exclusively, and second, I questioned why distance
runners were never engaged as active participants, but rather
were treated as passive subjects that were measured and tested
like one would test laboratory rats. After all, runners may have
crucial insights of why they got injured, so why not explore this
collective experience?
In a recent opinion piece in this journal, Hulme and Finch2
make a point for pragmatism in running injury research. They
argue for research with runners rather than research for runners:
an active engagement of runners in interpreting their injury
history. Subjective research with runners actively involved in
the research process supplementing the objective biomechanics
research.
I would like to add to this proposal that running injury
research should also pay attention to the biological properties of
the musculoskeletal apparatus of runners, rather than just the
mechanical loading. Some runners are able to log 150 and
200 km per week for years without injury or pain, while others
cannot go from 20 to 40 km per week without getting repeat-
edly and severely injured. Can that be explained by the amount
of pounding on the joints, muscles, ligaments, and bones; the
biomechanics of running exclusively? Or could it be that some
runners have stronger bones, more resilient muscles, and more
stable joints that can absorb the mechanical loads imposed by
running readily while others have brittle bones and muscles that
tear every time they reach top speed. Lifelong running makes
me believe that mechanical loading might merely be a small
part of the whole equation, and biomechanics researchers might
have encouraged each other in barking up the wrong tree for
decades by measuring mechanical variables (impact forces,
active forces, pronation angles, Q-angles, muscle weakness)
while neglecting the properties of the musculoskeletal tissues
and the specific social and environmental factors that every
runner experiences differently.
Hulme and Finch2 make the argument for combining quan-
titative with qualitative research, a multi-factorial approach
where the mechanical loading produced by running is merely
one component of the injury equation, and the runners are
active participants in the research helping identify why they get
injured and what might be the cause underlying their particular
injury. I would be surprised if such an approach might not give
better results than what has been achieved over the past 45 years
of biomechanical investigation. Running injury research has
stalled from the very beginning. There has been a lack of
original ideas, intuitive thinking, end user involvement, and a
pragmatic approach to the problem. It is time for a change and
Hulme and Finch2 are pointing in the right direction. I sincerely
hope that somebody listens.
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